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LIMITATIONS I N  THERMAL SIMILITUDE 
by Robert K. Madregor  
1 .0  SUMMARY 
The r e s u l t s  of a r e sea rch  program t o  examine and d e f i n e  some of t h e  
The l i m i t a t i o n s  i n  thermal scale modeling a r e  presented I n  t h i s  r epor t .  
primary o b j e c t i v e  of t h i s  program was an understanding o t  t h e  e r r o r s  
inherent  i n  s c a l e  modeling as a r e s u l t  of u n c e r t a i n t i e s  i n  thermophysical  
p r o p e r t i e s ,  geometric dimensions,  and t h e  tes t  environment. Secondary 
o b j e c t i v e s  of t h e  program were t h e  deve lopmat  of a d d i t i o n a l  s c a l i n g  
c r i t e r i a  o r  compromise techniques which would b e  a p p l i c a b l e  t o  a number 
of s p e c i a l  problem areas i n  scale modeling. 
A s t a t i s t i c a l  s tudy  of t he  e r r o r s  i nhe ren t  i n  s c a l e  modeling as a 
result  of u n c e r t a i n t i e s  (probable  e r r o r s )  i n  thermophysical  p r o p e r t i e s ,  
geometr ic  dimensions,  and test environment has  been completed. The range 
of t he  r e s u l t i n g  probable  e r r o r s  i n  scale modeling has  been presented  as 
a func t ion  of t he  o v e r a l l  s c a l i n g  r a t i o .  Thus, a l i m i t a t i o n  on t h e  lower 
bound of t h e  s c a l i n g  r a t i o  i s  seen  t o  be  a func t ion  of t h e  probable  e r r o r  
t h a t  t h e  modeler i s  w i l l i n g  t o  accept .  
one-tenth r e s u l t  i n  excess ive  e r r o r s  i n  t h e  modeling techniques.  
I n  gene ra l ,  scale r a t i o s  below 
A s tudy  t o  develop s c a l i n g  c r i t e r i a  f o r  s e l e c t e d  scale modeling 
pro':)lem a reas  and t o  examine the  e r r o r s  r e s u l t i n g  from scale modeling of 
t hese  a r e a s  has  been completed. 
t i o n  of techniques f o r  compromising t h e  s c a l i n g  c r i t e r i a  for these  
problem a reas .  
This s tudy  a l s o  inc ludes  t h e  i d e n t i f i c a -  
The s p e c i a l  problem areas considered were : 
1)  Trans ien t  Response 
2) Thermal Control Coatings 
3) Mul t i layer  I n s u l a t i o n  
4 )  Thermal Gradient  E f f e c t s  
5 )  Ins t rumenta t ion  E f f e c t s  
6) Test Emironment E f f e c t s  
1 
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An expt  imental  program was conducted t o  suppor t  t h e  conclus ions  
reached i n  the  a n a l y t i c  s t u d i e s  and t h e  e r r o r  ana lyses .  
ha l f  s c a l c  v e h i c l e  were t e s t e d  f o r  a number of combinations of s o l a r  
i l l umina t ion  and i n t e r n a l  power d i s s i p a t i o n  under a s imulated space 
environment. 
ment wi th  the  probable  e r r o r s  p red ic t ed  by t h e  a n a l y s i s .  
A p ro to type  and 
The random experimental  e r r o r s  observed showed good agree- 
A d e t a i l e d  numerical  thermal a n a l y s i s  was conducted t o  suppor t  t h e  
t es t  program. 
r e s u l t s  of the  experiments.  The numerical  a n a l y s i s  technique was a l s o  used 
t o  c o r r e c t  the  experimental  d a t a  f o r  compromises of t h e  s c a l i n g  c r i t e r i a .  
This improved t h e  agreement between the  two s e t s  of exper imenta l  d a t a  
(model and prototype)  by reducing t h e  sys t ema t i c  d i f f e r e n c e s  r e s u l t i n g  
from v i o l a t i o n s  of t h e  s c a l i n g  c r i t e r i a ,  
The nwnerical  a n a l y s i s  showed good agreement wi th  t h e  
It is concluded t h a t :  
1) m u l t i l a y e r  i n s u l a t i o n  is t h e  major problem area i n  t h e  s c a l e  
modeling of unmanned s p a c e c r a f t  
2) numerical  a n a l y s i s  can b e  used t o  improve thermal  scale model 
experimental  r e s u l t s  by c o r r e c t i n g  f o r  known compromises of 
the  s c a l i n g  c r i te r ia  
3) t h e  probable  e r r o r s  i n  t h e  exper imenta l  s c a l e  modeling s t u d y  
f a l l  w i th in  tlke range p r e d i c t e d  by t h e  s t a t i s t i ca l  a n a l y s i s  of 
e r r o r s  due t o  u n c e r t a j n t i e s  i n  thermophysical p r o p e r t i e s ,  




The success fu l  o p e r a t i o  of both  manned and unmanned s p a c e c r a f t  i n  
p l ane ta ry  o r b i t s  o r  on i n t e r p l a n e t a r y  miss ions  r equ i r e s  t h a t  temperatures  
be con t ro l l ed  wi th j?  s p e c i f i c  ranges f o r  s p a c e c r a f t  equipment, s t r u c t u r e s  
and atmospheres. 
formance requirements of t h e  s p e c i f i c  i t e m s .  
and f l u i d  components r e q u i r e ,  f o r  e f f i c i e n t  c p e r a t i o n ,  t h a t  temperatures  
be maintained wi th in  the  range -30 t o  +130°F (240-330OK) ; however, 
c e r t a i n  components m u s t  be  maintained w e l l  w i th in  t h i s  range. 
f o r  example, are requi red  t o  be maintained wi th in  t h e  range 30-100°F 
(270-310'K). S t r u c t u r e s  can normally o p e r a t e  over  a r e l a t i v e l y  wide 
range of temperatnres.  An except ion t o  t h i s  is t h e  o p t i c a l  t e l e scope  
s t r u c t u r e  which, f o r  reasons  of o p t i c a l  q u a l i t y ,  has  seve re  limits on 
temperatlire g rad ien t s  and temperature changes. Atmospheres i n s i d e  a 
spacec ra f t  cabin w i l l  gene ra l ly  be l i m i t e d  i n  regard  t o  temperature  and 
race of temperature change, s i n c e  t h e  atmosphere m u s t  be  h a b i t a b l e  by 
man. 
i n t e r n a l  and e x t e r n a l  hea t  l J a d s  t h a t  a s p a c e c r a f t  can experience.  
Equipment and occupants of a spacec ra f t  gene ra l ly  w i l l  ope ra t e  according 
t o  some duty cyc le  which r e s u l t s  i n  t h e  i n t e r n a l  h e a t  load  vary ing  wi th  
t ime.  The spacec ra f t  i t s e l f  can exper ience  v a r i a t i o n s  i n  e x t e r n a l  h e a t  
load due t o  o r b i t i n g  through t h e  e a r t h ' s  shadow o r  by changing o r i en ta -  
t i o n  wi th  r e spec t  t o  t h e  sun. 
Desired temperature ranges are determined by t h e  per- 
Most e l e c t r o n i c ,  mechanical 
Batteries 
The problem of temperature c o n t r o l  is accentua ted  by t h e  vary ing  
Spacecraf t  temperature con t ro l  is ,  then ,  a c r i t i c a l  t e c h n i c a l  
p r o b l a  demanding c a r e f u l  design and development. General ly  speaking,  
the  development af s p a c e c r a f t  temperature  c o n t r o l  sys tems involves  a 
combination of ana lyses  and tests t o  des ign  t h e  system and t o  determine 
the  r e s u l t a n t  d i s t r i b u t i o n  of  temperatures  throughout t he  spacec ra f t .  
The analyses  a r e  normally accomplished wi th  t h e  a i d  of d i g i t a l  computers, 
f o r  reasons of speed of s o l u t i o n  and t h e i r  a b i l i t y  t o  handle  l a r g e  
problems. 
ment program f o r  e s t a b l i s h h g  o r  v e r i f y i n g  t h e  des ign  concept ,  o r  f o r  
Thermal tests are most o f t e n  u t i l i z e d  i n  t h e  system develop- 
3 
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v e r i f y i n g  t h e  a n a l y t i c a l  model. 
e s t a b l i s h  t h e  performance of  t h e  r e s u l t a n t  system under space condi t ions.  
The l a t t e r  use i n p l i e s  p e r f e c t  s imula t ion  of t h e  space environment and 
p e r f e c t  modeling. I f  e i t h e r  of t hese  cond i t ions  a r e  n o t  m e t ,  t n e  test 
d a t a  must be co r rec t ed  f o r  the e f f e c t s  of impclrfect modeling o r  imperfect  
environment s imula t ion .  Since space environme,.? s imula t ion  is normally 
not  p e r f e c t  and thermal modeling compromises are i n e v i t a b l e ,  thermal 
tests are probably b e s t  used t o  v e r i f y  a2 a n a l y t i c a l  model t h a t  can b e  
used t o  p r e d i c t  t h e  thermal performance of t h e  system i n  t h e  space 
environment. As s p a c e c r a f t  have grown i n  s i z e  and complexity, larger 
and more complex s imula t ion  f a c i l i t i e s  have been r equ i r ed  t o  accomplish 
the necessary t e s t i n g .  
models 'for t h c m a l  tests would al low t h e  ust of smaller and less 
expensive t e s t  f a c i l i t i e s  and would reduce test t i m e .  
These tes ts  can a l s o  be  used t o  
I t  has  been F o s t u l a t e d  t h a t  use of small scale 
Thermal s c a l e  modeling, t hen ,  is an a l t e r n a t i v e  t o  f u l l - s c a l e  
thermal t s t i n g  t h a t  becomes a t t r a c t i v e  when l a r g e  s p a c e c r a f t  are 
involved i n  p r o j e c t s  with s h o r t  development times and l i m i t e d  develop- 
ment budgets. I n  a d d i t i o n ,  s i m p l i f i e d  s c a l e  models could be used ear ly  
i n  a development program t o  v e r i f y  a design concept and consequently 
have u t i l i t y  i n  any thermal c o n t r o l  system development program. 
The hea t  t r a n s f e r  mechanisms p resen t  i n  an unmanned s p a c e c r a f t  are 
r a d i a t i o n  and conduct ion;  convection being absen t  s i n c e  t h e s e  s p a c e c r a f t  
do not normally ca r ry  atmo Theres.  Thermal s c a l i n g  of  such a s p a c e c r a f t  
is  then concerned with t h e  thermal s c a l i n g  of a radiat ion-conduct ion 
h e a t  t r a n s f e r  system. 
The b6s i c  s i m i l i t u d e  c r i te r ia  f o r  t h e  radiat ion-conduct ion system 
can be developed e i t h e r  from dimensional a n a l y s i s  o r  from the d i f f e r e n t i a l  
equat ions necessary t o  d e s c r i b e  t h e  behavior of the system under consider- 
a t i o n .  The l a t t e r  technique is the p r e f e r r e d  one when such e q u a t i o n s  
are a v a i l a b l e  s i n c e  i t  can g i v e  more d i r e c t  i n s i g h t  i n t o  the  p h y s i c a l  
behavior of t he  system. 
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I n  applying t h e  s i m i l a r i t y  r a t i o s  thus  developed to  t h e  des ign  
of  thermal scale models, two techniqlies are g e n e r a l l y  proposed. These 
a r e  r e f e r r e d  t o  as temperature  p r e s e r v a t i o n  and material p re se rva t ion .  
The f irst  of t hese  techniques r e q u i r e s  t h a t  temperatures  b e  i d e n t i c a l  
a t  i d e n t i c a l  l o c a t i o n s  on t h e  scale model and on t h e  f u l l  s i z e  prototype.  
This technique then a l l o x s  a d i r e c t  determinat ion of p ro to type  tempera- 
t u r e  from s c a l e  model t e s t  da t a .  The materials p r e s e r v a t i o n  technique 
r e q u i r e s  t h a t  materials be i d e n t i c a l  i n  both scale model and f u l l  s i z e  
prototype,  thus s impl i fy ing  materials s e l e c t i o n  problems, b u t  r e s u l t i n g  
i n  model temperatures  which do no t  d i r e c t l y  compare w i t h  p ro to type  
temperatures.  Extensive s t u d i e s  i n t o  t h e  d e r i v a t i o n  of t h e  scale model- 
ing c r i te r ia  and t h e  a p p l i c a t i o n  of t h e s e  c r i te r ia  to  s p a c e c r a f t  have 
been presented i n  References 1-42. 
T h e  hea t  t r a n s f e r  mechanisms p r e s e n t  i n  nanned s p a c e c r a f t  i n c l u d e  
convection. Thermal s c a l i n g  of mannsd s p a c e c r a f t  is then concerned w i t h  
thermal s c a l i n g  of a radiation-conduction-convection h e a t  t r a n s f e r  
system. Only a l i m i t e d  d i s c u s s i o n  of t h i s  problem e x i s t s  i.n t h e  
l i t e r a t u r e  (References 38 2nd 41). A r e sea rch  program t i t l e d  "A Thermal 
Scale  Modeling Study fo r  Apollo and Apollo Applicat ions,"  is p r e s e n t l y  
i n  e x i s t e n c e  (References 43-48) in which an i n v e s t i g a t i o n  is being made 
of thermal s c a l e  modeling a p p l i c a t i o n s  t o  radiation-conduction-convection 
svs terns. 
L imi t a t ions  on t h e  use of thermal scale models w i 3 1  manifest  the-- 
s e l v e s  as a l i m i t  on t h e  major l eng th  s c a l i n g  r a t i o .  L i m i t a t i o n s  on t h e  
maximum s i z e ,  and hence the  maximum scale r a t i o ,  w i l l  most o f t e n  r e s u l t  
from the  s i z e  of t h e  space chamber and t h e  s o l a r  s i m u l a t o r  t h a t  is t o  b e  
u t i l i z e d .  L i m i t s  on t h e  smallest f e a s i b l e  s i z e  model o r  s c a l e  model 
r a t i o  can r e - u l t  from a v a i l a b l e  m a t e r i a l s ,  material gages,  and material 
p r o p e r t i e s  (Reference 50). ' However, s i n c e  the  major piirpose of t h e  
sca l ed  thes la1 model i s  t o  p r e d i c t  a c c u r a t e l y  t h e  equ iva len t  p ro to type  
s p a c e c r a f t  temperatures ,  t he  measure of the  model e f f e c t i v e n e s s  i s  i ts  
p r e d i c t i o n  accuracy. This i s  i r u e  whether t he  model is used t o  p r e d i c t  
5 
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s p a c e c r a f t  tetnperatuia pz r fomance  d i r e c t l y ,  o r  i n d i r e c t l y  by v e r i f i c a -  
t i o n  of an a n a l y t r c a l  model. The most s i g n i f i c a n t  l i m i t  on t h e  smallest 
f e a s i b l e  s c a l i n k  r a t i o ,  t h e n ,  i s  the d e s i r e d  p r e d i c t i o n  accuracy. This  
d e s i r e d  accuracy w i l l  vary according t o  t h e  program needs bu t  probably 
i n  n o s t  cases  is on t h e  o r d e r  of 1-5 p e r c e n t  of a b s o l u t e  temperature.  
The accuracy of s c a l e d  model test d a t a  is determined by the errow 
o r  u n c e r t a i n t i e s  a s s o c i a t e d  with t h e  des ign  and f a b r i c a t i o n  of t he  model 
and t h e  accuracy of t h e  environmental  s imula t ion .  The random o r  system- 
a t i c  experf-ental  e r r o r s  w i l l  manifest  themselves i n  a l l  thermal tests, 
f u l l  F i ze  01 s c a l e d ;  consequently,  they w i l l  n o t  i n f l u e n c e  t h e  l i m i t i n g  
scale r a t i o .  The e r r o r s  and u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  the  scale 
model design and f a b r i c a t i o n  w i l l  r e s u l t  from t h e  f a i l u r e  of  t h e  s c a l e d  
model to ompletely s a t i s f y  t h e  model cr i ter ia .  :actors a f f e c t i n g  t h e  
scale mocit’ design and f a b r i c a t i o n  can be ca tegor i zed  as due t o  materials, 
f a b r i c a t i o n  cCists, f a b r i c a t i o n  p rac t i c  ?s ,  a - d  test instrumentat ion.  
E r r o r s  i n  s c a l e  model temperature p r e d i c t i o n s  from t h e  materials 
scan ipo in t  can bc  caused bl l i m i t a t i o n s  on a v a i l a b l d  E.iiterials, thsrmo- 
phys ica l  p r o p e r t i e s ,  and u n c e r t a i n t i e s  i n  p rope r ty  va lues .  Errors 
r e s u l t i n g  from f a b r i c a t i o n  r e s u l t  from dimensional and solid ang le  
to l e rances .  Model temperature  e r r o r s  can alsc b e  caused by t h e  n e c e s s i t y  
of  instrumenting the  model. Such items as thermocouple l o c a t i o n  accuracy,  
i n s t rumen ta t ion  hea t  leaks, and ins t rumen ta t ion  l e a d  geometry can a l l  
in f luence  t h e  r e s u l t a n t  temperature p r e d i c t i o n .  
The objec.t ive i n  c a l l i n g  a t t e n t i o n  t o  t h e  l i m i t a t i o n s  of  scale model- 
ing i s  t o  b e t t e r  d e f i n e  the  boundaries of  t h e  a p p l i c a t i o n  of thermal 
modeling and t o  see hLw f a r  s c a l i n g  can be c a r r i e d ,  not  t h a t  i t  has  been 
proven f e a s i b l e  i n  a l l  t y p i c a l  cases .  Such r e sea rch  i s  necessary t o  
provide the thernal designe‘r w i th  information u s e f u l  i n  making a judgment 
aborit the a p p l i c a t i o n  of Lhermal s c a l i n g  t o  a p a r t i c u l a r  thermal des ign  
problem. I d e n t i f i c a t i o r .  cE i nhe ren t  d i f f i c u l t i e s  and l i m i t a t i o n s  i n  t h e  
techniques w i l l  ais0 se rve  t o  focus f u t u r e  r e sea rch  on t h e  more d i f f i c u l t  
problem a reas .  
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3.0 FL?u'DAYElri'TALS OF THERYAL SCALE MODELING 
P o r t i d n s  of t h i s  s e c t j c n  w i l l  b r i e f l y  review t h e  fundamental  rela- 
t i o n s  which guide t h e r n a l  seal? nodel ing techniques and t h e  use of  t h e s e  
r e l a t i o n s  t o  c o r r e c t  experimental  r e s u l t s  when compromises of  t h e  scaling 
c r i t e r i a  D. :dr. Aciairionaiiy,  c'ne probabie  e r r o r s  i n h e r e n t  i n  scale 
modeling a s  a r e s u l t  of u n c e r t a i n t i e s  i n  thermophysical p r o p e r t i e s ,  
geometric t o l e r a n c e s ;  and e n v i r m n e n t  s i m u l a t i c n  w i l l  be  d iscussed .  
3.1 Scale ?lodeling C r i t e r i a  
General s c a l e  modeling c r i t e r i a  and technique o r i e n t e d  c r i te r ia  
( temperature  and m a t e r i a l  p r e s e r v a t i o n  techniques)  have been developed, 
presented ,  a p p l i e d ,  and d iscussed  by previous  i n v e s t i g a t o r s  (References 
1-49). These genera l  c r i t e r i a  are s -mnar ized  i n  Table  1 i n  C a r t e s i a n  and 
c y l i n d r i c a l  coord ina te  systems f o r  bo th  t h e  g e n e r a l  t h r e e  dimensional and 
t w o  dimensional "geometric d i s t o r t i o n "  cases. The s i m p l i f i e d  equat ions  
which form t h e  b a s i s  of t h e  temperature  p r e s e r v a t i o n  technique  of scale 
modeling a r e  presented i n  Table 2.  The work conducted under t h i s  s tudy  
w i l l  d e a l  o ~ l y  wi th  t h e  tenpera turd  p r e s e r v a t i o n  technique (as oppused 
t o  material preserva t ion)  u n l e s s  o therwise  s p e c i f i c a l l y  noted. 
The equat ion  r e l a t i n g  t h e  thermal conduct iv i ty  of  t h e  model material 





1 ... - = -  
is  q u i t e  r e s t r i c t i v e  i n  ierms of r e a l  materials. F igure  A shows t h e  
ranges of  a v a i l a b l e  therinal c o n d u c t i v i t i e s  of t h e  common metal a l l o y s  
(References 70-75). While t h e  high conduct iv i ty  a l l o y s  are reasonably 
easy t o  s c a l e ,  t h e  low conduct iv i ty  s t e e l s  would p r e s e n t  d i f f i c u l t i e s .  
- 
* F o r  nomenclature,  see page 1 7 .  
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As s p a c e c r a f t  a r e  g e n e r a l l y  f a b r i c a t e d  from t h i n  s t r u c t u r a l  
elements,  t h e  thermal  g r a d i e n t  ac ross  t h e  th i ckness  of t h e  element is 
n e g l i g i b l e .  Under these  cond i t ions  t h e  two dimensional  (geometr ic  d i s -  
t o r t i o n )  s c a l i n g  c r i t e r i a  
k L 2  d m o m  s 
k dm 
LP 
may be appl ied .  This  technique a l lows  t h e  modeler t o  t rade-off  thick-  
ness  vs .  conduct iv i ty .  I f  a s u i t a b l e  conduc t iv i ty  is n o t  a v a i l a b l e ,  
then a h igher  conduct iv i ty  material may b e  used i n  conjunct ion  wi th  a 
t h i n n e r  gage, o r  a lower conduc t iv i ty  wi th  a t h i c k e r  gage combination. 
Figure 2 shows t h i s  r e l a t i o n s h i p  between thermal  conduc t iv i ty  r a t i o  and 
th i ckness  r a t i o  f o r  a number of scale r a t i o s .  
The geometr ic  d i s t o r t i o n  technique  i s  no t  wi thout  bounds however. 
The model gages must be s t i f f  enough t o  suppor t  themselves and at the  
o t h e r  extreme, t h i n  enaugh t h a t  they do no t  es tab l i sk .  t h e  g r a d i e n t s  
w i th in  themselves t h a t  were o r i g i n a l l y  assumed n e g l i g i b l e .  
One a t t ract ive p o s s i b i l i t y  is t h e  case of extreme geometr ic  d i s -  
t o r t i o n .  I n  t h i s  case t h e  pro to type  m a t e r i a l  i s  a l s o  used f o r  t h e  model 
m a t e r i a l .  Equation (2) reduced t o  
2 
d ? 
L dm m 
LP 
-I- (3)  
A h a l f  s c a l e  model would r e q u i r e  gages one q u a r t e r  of t h e i r  
corresponding th i ckness  i n  t h e  pro to type .  While t h i s  does no t  seem 
unreasonable ,  a t en th  scale model would requize  gages one hundredth of 
t h e i r  o r i g i n a l  th ickness .  As t h e  s p a c e c r a f t  is f a b r i c a t e d  from t h e  
minimal gages r equ i r ed  f o r  S t r u c t u r a l  reasons ,  i t  would appear  t h a t  t h e  
a p p l i c a t i o n  of extreme geometr ic  d i s t o r t i o n  techniques is l i m i t e d  t o  
l a r g e r  s c a l e  models (probably one-third s c a l e  o r  l a r g e r ) .  
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As a c u r r e n t  s tudy  (Reference 50) i s  i n v e s t i g a t i n g  t h e  l i m i t a t i o n s  
i n  scale modeling due t o  a v a i l a b l e  m a t e r i a l s  and gages,  t h e  s u b j e c t  w i l l  
no t  be d iscussed  i n  f u r t h e r  d e t a i l  i n  t h i s  r e p x t .  
The gene ra l  equa t ions  presented  i n  Table 1 can be  formulated e i t h e r  
by dimensional  a n a l y s i s  o r  by a non-dimensional izat ion of  t h e  governing 
d i f f e r e n t i a l  equat ion  and its a s s o c i a t e d  boundary condi t ions .  I f  t he  
d i f f e r e n t i a l  equat ions  and boundary cond i t ions  governing t h e  i n t e r -  
r e l a t i o n s h i p  between energy and temperature  a r e  expressed f o r  1 t y p i c a l  
nodal volume and then  non-dimensionalized, t h e  c o e f f i c i e n t  of each term 
w i l l  be r e p r e s e n t a t i v e  of an energy flow rate  and each of t h e  fo l lowing  
forms w i l l  be r ep resen ted  : 
1 )  energy emi t ted  by t h e  nodal  s u r f a c e  
= O E  L2 T4 ‘a 
2)  energy conducted through t h e  element 
qb = kLT 
3) energy d i s s i p a t e d  through i n t e r n a l  genera t ion  
qc = q’  
4) energy absorbed due t o  e x t e r n a l  i r r a d i a t i o n  
2 qd = SL 
5) energy conducted a c r o s s  a j o i n t  i n t e r f a c e  
= hT ‘e 
(4) 
(7 )  
6) i n t e r n a l  energv change due t o  thermal capac i ty  
9 
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To complete t h e  non-dimensionalization of t h e  equa t ions  and 
a s soc ia t ed  boundary cond i t ions ,  t h e  c o e f f i c i e n t s  are d iv ided  through by 
one of t h e  c o e f f i c i e n t s .  
Table 3 shows the  r e s u l t s  of d i v i d i n g  through by t h e  conducted 
energy as opposed t o  the  emi t t ed  energy terms. I f  t h e s e  dimensionless  
parameters  can be made equa l  f o r  t h e  model and t h e  p ro to type ,  then  
s o l u t i o n s  t o  t he  d i f f e r e n t i a l  equat ion  w i l l  hold f o r  bo th  t h e  model and 
t h e  pro to type .  Equating t h e  terms f o r  t h e  model t o  t h e  terms f o r  t h e  
pro to type  r e s u l t s  i n  %he s c a l i n g  r a t i o s  as presented  i n  Table 4. 
Note t h a t  e i t h e r  se t  of equa t ions  can be  reduced, by s u b s t i t u t i o n  
of o t h e r  equat ions  i n  i t s  set ,  t o  t h e  a l t e r n a t e  formulat ion.  However, 
t h e  d i f f e r e n c e s  between t h e s e  two sets of equat ions  w i l l  be  considered 
i n  d e t a i l  i n  t h e  fo l lowing  s e c t i o n s  r e l a t i n g  t o  t h e  e s t i m a t i o n  of s c a l i n g  
e r r o r s  due t o  compromise and u n c e r t a i n t i e s .  
While t h e  gene ra l  r e l a t i o n s h i p s  f o r  scale modeling u t i l i z i n g  va r ious  
techniques and compromises have been long  e s t a b l i s h e d ,  l i t t l e  emphasis 
has  been placed on t h e  e r r o r s  i nhe ren t  i n  scale modeling. A d i s t i n c t i o n  
must be made between those  e r r o r s  which are introduced by redur.ing a r e a l  
s p a c e c r a f t  design t o  a f u l l  s i z e  thermal  test model as opposed t o  those  
e r r o r s  in t roduced  by t e s t i n g  a scale model of t h e  thermal  test model. 
E r r o r s ,  o r  d i f f e r e n c e s  between a scale model and a protcitype thermal t e s t  
v e h i c l e ,  occur  as a r e s u l t  of compromises of t h e  s c a l i n g  c r i t e r i a  
( v i o l a t i o n s  of t he  assumptions on which t h e  c r i t e r i a  are based) o r  
u n c e r t a i n t i e s  i n  thermophysical p r o p e r t i e s ,  geometr ic  dimensicms, and 
tes t  environment. 
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3.2 Compromise of Modeling Criteria 
I f  i t  is necessary t o  d e v i a t e  from t h e  requirements  of t h e  s c a l i n g  
c r i t e r i a  e i t h e r  by: 
a )  v i o l a t i o n  of t h e  assumptioits of preserved r a d i a t i v e  p r o p e r t i e s  
o r  p r o p o r t i o n a l i t y  of model and p ro to  type m a t e r i a l  thermal 
c o n d u c t i v i t i e s  and/or  c a p a c i t a r s e s ,  o r  
b)  i n a b i l i t y  t o  provide a n  a p p r o p r i a t e  material gage, h e a t e r  
d i s s i p a t i o n ,  o r  e x t e r n a l  environment 
the g e n e r a l  s c a l i n g  c r i te r ia  presented i n  Table 1 can be used t o  estimate 
c o r r e c t i o n s  f o r  t he  experimental ly  determined temperatures .  
I f  t h e  s o l u t i o n  t o  t h e  d i f f e r e n t i a l  equa t ions  and t h e i r  boundary 
cond i t ions  w a s  a v a i l a b l e  ( e i t h e r  as a closed form o r  a numerical  network 
s o l u t i o n )  i t  would be  of t h e  form 
The d i f f e r e n c e s  i n  temperature r e s u l t i n g  from v i o l a t i o n s  of t h e  
s c a l i n g  cr i ter ia  could be  c a l c u l a t e d  from 
- 
where x are the  i n d i v i d u a l  parameters  of Equation ( l o ) ,  f (xi) is 
evaluated f o r  t h e  parameters of t h e  model as i t  was b u i l t  (with compromises 
and v i o l a t i o n s  of t h e  s c a l i n g  c r i t e r i a )  and f (x  ) i s  eva lua ted  f o r  t h e  
parameters of  t h e  model as it  should have been b u i l t  ( i n  accordance wi th  
the  s c a l i n g  c r i t e r i a ) .  
i 
i 
A closed form s o l u t i o n  is g e n e r a l l y  n o t  a v a i l a b l e .  A numerical  
s o l u t i o n  could be per turbed t o  o b t a i n  t h e  c o r r e c t i o n  f a c t o r s  as w i l l  be  
done i n  t h i s  s tudy t o  a d j u s t  t h e  model. experimental  resul ts ,  A l t e r n a t e l y ,  
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the range of c o r r e c t i o n  f a c t o r s  could b e  e s t ima ted  from the  formulat ions 
of t h e  gene ra l  s c a l i n g  c r i t e r i a  presented i n  Table  4.  
Consider t he  equa t ions  w r i t t e n  f o r  a s o l a r  f l u x  inpu t  t o  an e x t e r n a l  
s k i n  element:  
'S 'F L k m ril m m p  
'F L k  p m  
T 
- %  
'P p 
I f  t h e  s o l a r  f l u x  i n c i d e n t  upon t h e  model d e v i a t e s  from its nominal 
va lue  and t h e  magnitude of  t h i s  d e v i a t i o n  is known, Equations (12) and 
(13) can be  l i n e a r i z e d  t o  provide an estimate of t h e  temperature  e r r o r  
r e s u l t i n g  i n  t h e  model. These l i n e a r i z e d  expres s ions  of e r r o r  f i n a l l y  
appear i n  the  form 
m ATm *'F - = -  
m Tm SF 
and 




T h u s ,  a two percent  e r r o r  i n  i n c i d e n t  s o l a r  f l u x  can r e s u l t  i n  a one- 
h a l f  t o  two pe rcen t  e r r o r  i n  temperature a t  t h a t  node. Consider t h e  
p h y s i c a l  s i g n i f i c a n c e  of t h e s e  two a l t e r n a t i v e  formulat ions.  For t h e  
conduction based equa t ions  t h e  i n d i c a t e d  energy terms are balanced a t  
t h e  node by conduction. For t he  emi.ision based equa t ions  t h e  i n d i c a t e d  
energy terms are balanced a t  the node by emission. 
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For t h e  s o l a r  i r r a d i a t i o n  exam?le chosen, t h e  absorbed s o l a r  f l u x  
has  been conducted Lrough t h e  s h e l l  o r  r a d i a t e d  away by t h e  e x t e r i o r  
s u r f a c e ,  r e s p e c t i v e l y .  IJhen o d y  cor.duction i s  involved,  a two percent  
e r r o r  i n  i n c i d e n t  energy r e s u l t s  i n  a two percent  e r r o r  i n  node tempera- 
t u r e  (assuming a f i x e d  s i n k  c o n d i t i o n ) .  I f  the  absorbed energy I s  re- 
r a d i a t e d ,  a one h a l f  percent  e r r o r  i n  temperature i s  i n d i c a t e d .  I n  
r e a l i t y ,  t he  energy is both conducted and r a d i a t e d  away and t h e  e r r o r  i n  
temperature is  a f u n c t i o n  of  the i n t e g r a t e d  problem. 
This  l i n e a r i z e d  technique u t i l i z i n g  a p p r o p r i a t e  a l t e r n a t e  formula- 
t i o n s  of t h e  genera l ized  s c a l i n g  c r i t e r i a  may be used t o  estimaLe t h e  
range C J f  e r r o r s  du t  t o  v i o l a t i o n s  and c9mpromises o f  t he  s c a l i n g  Cri ter ia ,  
b u t  a p e r t u r b a t e d  numerical  a n a l y s i s  i s  r e q u i r e d  t o  e v a l u a t e  t h e  magni- 
tude of t h e  a c t u a l  e r r o r  a t  each node. 
3 . 3  Errors  Inherent  i n  S c a l e  Modeling 
There a r e  e r r o r s  inherent  i n  s c a l e  modeling a s  a r e s u l t  o f  uncertain-  
t i es  i n  
1) material  p r o p e r t i e s  
2 )  geometric dimensions,  and 
3)  t es t  condi t ions  . 
T h e  stlurces of  marly c f  these  e r r o r s  di-r l is tec '  - 3  T a b l e  5 .  
I n  gc i e r a l ,  these  sources  of e r r o r  reduce t o  u n c e r t a i n t i e s  in :  
1) t h e r n a l  conduct iv i ty  
2 )  s o l a r  absorptance 
3 )  i n f r a r e d  emit tance 
4 )  dirr,ensicjns 
5 )  . e a t e r  d r+ . iua t io2  
6)  solar i n t e n s i t y  
7)  ins t rumenta t ion  lead  l o s s e s  
and i n  t h e  case of t r a n s i e n t  c a l c u l a t i o n s  
8) s p e c i f i c  hea t  
9 )  d e n s i t y  and 
10)  i n s  t r umerit a t  i o n  response t i m e  . 
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Scale  models a r e  usua l ly  b u i l t  such t h a t  j o i n t  r e s i s t a n c e s  will be 
n e g i i g i b l e .  Instrumentat ion l e a d  l o s s e s  and t r a n s i e n t  response considera- 
t i o r s  w i l l  be discussed s e p a r a t e l y  i n  subsequent s e c t i o n s .  
The remaining u n c e r t a i n t i e s  i n  s t eady  s t a t e  s c a l e  modeling s t u d i e s  
have been i d e n t i f i e d  and probable  e r r o r s  e s t ima ted  I n  T a b l e  6. The 
Frobable e r r o r s  e s t ima ted  are based upon p r o p e r t i e s  measurement and test-  
ing experience with Boeing f a c i l i t i e s  and may n o t  be t y p i c a l  of  t he  
indus t ry .  
A s t a t i s t i c a l  z r r o r  a n a l y s i s  based upon probable e r r o r  (References 
51-54) r e s u l t s  i n  the  equa t ion  
where 
bT = t he  probable  e r r o r  i n  temperature 
Pe 
= t h e  Independent problem parameters 





The  (:T/Jx ) terms have bee3 c a l c u l a t e d  usL.(; . c conduction based 
i 
gene ra l  s c a l i n g  c r i t e r i a  presented i n  Table 4 .  
"maximum" probable errm as oppmed t o  probable  e r r o r s  s ene ra t ed  by t h e  
e n i t t a n c e  based c r i t e r i a .  
r h i s  r e s u i t s  i n  t h e  
The proba5le e r r o r s  c a l c u l a t e d  f o r  s e v e r a l  t y p i c a l  model nodes are 
presented i n  Figure 3 ,  
An examination of  t h e  f i g u r e s  i n d i c a t e s  t h a t  t h e  non-uni:ormity of 
s o l a r  i i l u m i n a t i o n  w i t h i n  t h e  chamber is t h e  major sou rce  of probable  
e r r o r  f o r  s c a l e  ra t ics  above 0.2.  Below a one-tenth s c a l e  r a t i o  t h e  
14 
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e f f e c t s  of u n c e r t a i n t i e s  i n  t h e r m a l  conduc t iv i ty  and the  e f f e c t  Jf a con- 
s t a n t  geometric t o l e rance  dominate t h e  c a l c u l a t i o n  of probable  e r r o r .  
The r a p i d  inc rease  of probable  error below t h e  one-tenth scalc:  
r a t i o  i n d i c a t e s  t h a t  only the  most c a r e f u l l y  conducted s t u d i e s  w i l l  
o b t a i n  use fu l  r e s u l t s  f o r  t h e s e  s m a l l  scale r a t i o s .  Accurate thenr1.1 
conduct iv i ty  measurements and t i g h t e n i n g  shop to l e rances  could r e s u l t  
i n  accu rac i e s  g r e a t e r  than inL!.-ated by t h i s  s tudy ,  bu t  only a t  g r e a t l y  
i;r :reased cost. 
1 5  
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I .  A 
1,000 & 
1 Copper 
2 Aluminum Alloys 
3 BE Alloys 
4 MG Alloys 
5 Brass & Bronze 
6 Carbon Stee l s  
7 Magnesium-Lithium 
8 Stainless-Steels  
9 Super-Alloy S tee l s  
10 Titanium Alloys 
100 t L- 4 0 
I- 
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Thermal Conductivity Ratio (k,/k ) 
P 
Figure 2: GEOMETRIC DISTORTION SCALING REQUIREMENTS FOR RANGES OF 
THERblAL CONDUCTIVITY RATIOS 
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TABLE 4. ALTERNATE FORMULATION OF SCALE MODELING CRITERIA 
- Energy Tern Conduction Basis 
E n i i s s  ion 
Conduction 
Generation 






T S L k  
rn=mml  
T S L k  
P P P m  
- = A -  hm km Lm 
h k L  
P P P  
Emission a a s i s  
1 




- =  
p m m 
3 h f L 2 T  
m m m  m 
h E 2 T 3  
- = - - -  
F L P  P 
3 
p r n J L  
(P c Lp ‘rn Tm3 P P  
( P C )  L 2 k  t m ( Q c l m L  E T 
- D  
tm p r n  m p 
P ( c  C p l p  Lp km P 
- =  
t 2 t 
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TABLE 5 .  LIMITING FACTORS FOR MODEL SCALING RATIOS 
Materials Dimensions 
Thermal P r o p e r t i e s  Major Dimensions, L 
Thermal Conductivity , k Value 
Tolerance 
Value 
Temperature Var i a t ion  Minor Dimensions, d 
Uncertainty Value 
To 1 er an c e J o i n t  Conductance, h 
Value 
Uncertainty 
S p e c i f i c  Heat, c 
0 
S o l i d  Angle, 
Value 
Tolerance 
Value Test Environment 
Temperature Var i a t ion  
Uncertainty 
Densi ty ,  P 
Value 
Un ce r t a i n  t y 




Rad ia t ive  P r o p e r t i e s  




Unce r t a i n  t y  








S o l a r  Beam 
( I n t e n s i t y ,  Col l imat ion 
and S p e c t r a l  Match) 
Value 
Uncertainty 
I n s  t r m e n t a t  i o n  
I n f r a r e d  Emittance , E 





Un ce r t a i n  t y 
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TABLE 6 .  TSTIMATE OF ERRORS INHERENT IN SCALE MODELING 
Parameter 
Thermal Radiat ion 
(a 9 E )  
S 
S o l a r  Flux 
2a Range of E r ro r  Probable E r r o r  
I 
+ 0 . 0 2  - + 0.0067 - 
2 + 1 .99  Btu/Hr Ft 2 - + 4 . 4 2  Btu/Hr F t  - 
Thermal Conductivity - + 1.0 B t u / H r  F t  OR - + 0 . 3 3 7  B t u / H r  F t  O R  
Geometric Tolerances - + 0.0026 Ft - + 0.00088 Ft 
I n t e r n a l  1 ) i s s ipa t ion  - + 0.01 Qm 
- + 3.0 OR Thermocoupl tss 
- + 0.00337 Q, 







4.0 SELECTED PROBLEM AREAS I N  SCALE MODELING 
I n  many cases  t h e  gene ra l  s c a l i n g  c r i t e r i a  riay n o t  provide adequate  
guidance f o r  understandiny the e f f e c t s  of compromise i n  c e r t a i n  areas o f  
model constru.:tion. Some a s p e c t s  of t h e  p ro to type  v e h i c l e  may n o t  be 
amenable t o  modeling w i t h i n  the framework of t h e  gene ra l  c r i t e r i a .  
As an example of t h i s .  consider  a thenna i  c o n t r o l  coa t ing  whose 
r a d i a t i v e  p r o p e r t i e s  a r e  th i ckness  dependent. To preserve r a d i a t i v e  
p r o p e r t i e s ,  t h e  coa t ing  th i ckness  is preserved.  A s  i t s  conduc t iv i ty  i s  
cnchanged t h i s  i n c r e a s e s  relaL!ve conduction i n  the p a i n t  as t h e  s c a l e  
r a t i o  i n c r e a s e s .  
An understanding of t h e  e r r o r s  induced by compif..iiises of t h e  s c a l i n g  
c r i t e r i a  i n  s e l e c t e d  areas and p o s s i b l e  techniques f o r  reducing t h e s e  
e r r o r s  are the  purpose of t h i s  s e c t i o n .  The s e l e c t e d  problem a r e a s  i n  
thermal s c a l e  modeling t o  be d i scussed  are: 
Trans i en t  Response 
Thermal Control Coatings 
Mul t i l aye r  I n s u l a t i o n  
Thermal Gradient E f f e c t s  
In s t rumen ta t ion  E f f e c t s  
Test Environment 
4 . 1  T rans i en t  Response 
In  scale modeling s teady s t a t e  c o n d i t i o n s ,  t he  thermal c o n d u c t i v i t i e s  
ans  the  s c a l e  model r a t i o s  are r e l a t e d  by 
L 
- t -  km m 
k L  
P P  
f o r  cases  i n  which the  g r a d i e n t s  w i t h i n  t h e  materials are t h r e e  dimension- 
a l .  For a mult i -mater ia l  s p a c e c r a f t  t h i s  r e l a t i o n s h i p  i s  q u i t e  r e s t r i c t i v e .  
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?;or only must a s e t  of model u.aterials be i d e n t i f i e d  whose c o n d u c t i v i t i e s  
a r e  a f ixed  f r a c t i o n  of  t hose  of t h e  p ro to type  materials, b u t  s h e e t  
metal gages must a l s o  be f a b r i c a t e d  t o  t h i s  r a t i o .  The probable  r ;qu i r e -  
ments r e s u l t i n g  f o r  non-standard gages s u b s t a n t i a l l y  i n c r e a s e  t h e  c o s t  
of s c a l e  modeling. Fo r tuna te ly ,  most spacecrr?f t  materials are t h i n  
mombers with n e g l i g i b l e  g r a d i e n t s  i n  one d i r e c t i o l .  For these  elements ,  
the thermal c o n d u c t i v i t i e s  and dimensions 
k d  Lm m m  
2 k d  
L P P  
- % - -  
P 
are r e l a t e d  by 
(18) 
T k i s  r e l a t i o n s h i p  allows s t anda rd  gages t o  be  u t i l i z e d  by t r a d i n g  
th i ckness  versus  m a t e r i a l  conduc t iv i ty .  
f o r c e s  compromises on the s c a l e  modeler as the  number of gage-conductivity 
p a i r s  is q u i t e  f i n i t e .  The gages s e l e c t e d  m u s t  be s t i f f  enough t o  a l low 
the  model t o  support  i t s e l f  and y e t  t h i n  enough t o  i n s u r e  t h a t  g r a d i e n t s  
ac rqss  t h e  material w i l l  remain n e g l i g i b l e .  
Even t h i s  approach however, 
Add i t iona l ly ,  t he  t r a n s i e n t  response of th t .  geomet r i ca l ly  d i s t o r t e d  
model components is  re1a;ed t o  th i ckness  and thermal capac i ty  by 
It is d e s i r a b l e  f o r  each model-prototype material p a i r  t o  have t h e  same 
r e l a t i v e  c h a r a c t e r i s t i c  t h e  i n  o r d e r  f o r  t h e  model t o  have a t r a n s i e n t  
responst which can be  r e l a t e d  t o  t h e  prototype t r a n s i e n t  response.  
S u b s t i t u t i o n  of Equation (18) i n t o  (19) r e s u l t s  i n  t h e  expres s ion  
28 
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This equa t ion  al lows one t o  re la te  t h e  c h a r a c t e r i s t i c  response t i m e  
I n h e r e n t  f o r  each material p a i r  t o  t h e  corresponding s c a l e  model r a t i o .  
i n  t h i s  r e l a t i o n s h i p  is t h e  l i m i t a t i o n  on a l lowab le  scale model r a t i o s  
i f  s t anda rd  gages are t o  be u t i l i z e d .  
Equation (18) 
Th i s  l i m i t a t i o n  w a s  shown by 
k d 1/2 m m m  
P P P  
L 
L - =  tr TI (21) 
This prcblem is b e t t e r  d i scussed  i n  l i g h t  of  a s p e c i f i c  example. 
Consider a s p a c e c r a f t  which i s  f a b r i c a t e d  predominantly of 6061-T6 and 
7075-T6 aluminums [both 0.0625 i n  (0.1588 cm) th i ckness ] .  It is 
advantageous to  select  t h e  model materials from t h e  materials l i s t e d  i n  
Tab le  7 d u e  t o  the l a r g e  s e l e c t i o n  of gages of t h e s e  materials a v a i l a b l e  
i n  t h e  company stores.  This t a b l e  shows t h e  thermal conduc t iv i ty  and 
thermal capaci tance f o r  each material a t  room temperature.  The l a s t  
t h r e e  columns t a b u l a t e  t he  r a t i o s  of  thermal conductance and capac i t ance  
r e s u l t i n g  from using the  material t o  model f i r s t  t h e  6061-T6 and then t h e  
7075-T6 aluminrims. The  r e s u l t s  a r e  shown, based on Equation (20), in 
Figure 4 .  
The d i s c r e t e  p o i n t s  denoted on t h e  f i g u r e  are taken from Tables  8 
and 9 ,  and r ep resen t  a v a i l a b l e  gages of t h e s e  materials over  t h e  range 
required for a nominal h a l f  s c a l e  model. 
A c l e a r  c u t  choice of material s u b s t i t u t i o n s  does not  occur ,  r a t h e r  
a compromise is forced upon t h e  des igne r .  
a)  I f  on ly  s t eady  s t a t e  response is t o  b e  s c a l e d  then 0.010 gage 
(0 .0254 cm) 2024-0 may be s u b s t i t u t e d  f o r  7075-T6 and 0.020 
gage (0.0508 cm) 7075-T6 may b e  s u b s t i t u t e d  f o r  6061-T6 t o  
produce, a t  a nominal s c a l e  r a t i o  of 0.495, t h e  m i n i m u m  e r r o r  
i n  modeling s teady s ta te  r e s u l t s .  
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b) I f  t h e  t r a n s i e n t  sequence of even t s  i s  important  then 0.020 
(0.0508 cm) 7075-T6 may be s u b s t i t u t e d  f o r  7075-T6 and 0.020 
(0.0508 cm) 6061-T4 may be  s u b s t i t u t e d  f o r  6061-T6 t o  produce, 
a t  a nominal scale r a t i o  of 0.554, t he  minimum e r r o r  i n  s c a l i n g  
t:ie t r a n s i e n t  sequence of even t s .  
c)  I f  both t r a n s i e n t  and s t eady  s ta te  r e s u l t s  are important an 
a d d i t i o n a l  choice is a v a i l a b l e .  The 0.016 gage (0.0406 cm) 
5052-0 may b e  s u b s t i t u t e d  f o r  7075-T6 and 0.016 gage (0.0406 cm) 
6061-T6 may be s u b s t i t u t e d  f o r  6061-T6 t o  provide a compromise 
s o l u t i o n  a t  a nominal scale r a t i o  of 0.513. E r r o r s  h e r e  o c c u r  
i n  both t h e  s t eady  state and t r a n s i e n t  response s c a l i n g  b u t  t h e  
errors are smaller than those r e s u l t i n g  i n  e i t h e r  of t h e  two 
previous choices .  
In  gene ra l  t h e  u t i l i z a t i o n  of a v a i l a b l e  materials and s t a n d a r d  gages 
w i l l  f o r c e  a compromise; t he  e x t e n t  of which w i l l  be  a f u n c t i o n  of t he  
requirements of the p r o j e c t ,  and t h e  magnitude of which w i l l  be  a iur-s t ion 
of t h e  materials and gages of  t h e  p ro to type  which is being sca l ed .  
I n  extreme cases o t h e r  a l t e r n a t e s  exis t  f o r  t he  des igne r .  
a)  Only t h e  c o s t  f a c t o r  l i m i t s  t he  d e s i g n e r  t o  e x i s t i n g  gages. I f  
necessary,  r equ i r ed  gages may be machin J t o  o rde r .  
b)  The t h i ckness  of  an element may be chosen on t h e  b a s i s  of t h e  
r equ i r ed  thermal capaci tance.  The conduc t iv i ty  may be reduced 
t o  a d e s i r e d  e f f e c t i v e  value by s l i t t i n g  o r  by s l o t t i n g  t h e  
material (References 5 and 62). 
In  most p r a c t i c a l  problems B cornpromise so l i l t i on  based on  s t anda rd  
gages t o  s c a l e  t h e  major p o r t i o n s  of t h e  s p a c e c r a f t  would be adopted. 
The remaining p o r t i o n s  of t h e  conf igu ra t ion  would probably be neg lec t ed ,  
approximated, o r  have s p e c i a l  gages machined as appropr i a t e .  
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While the number of s u i t a b l e  m a t e r i a l s  decreases  as the  s c a l e  model 
r a t i o  decreases ,  l i m i t a t i o n s  appear more a func t ion  of the  s p e c i f i c  
m a t e r i a l s  and gages i n  t h e  pro to type  than t h e  gene ra l  s c a l e  r a t i o .  Due 
t o  a f o r t u i t o u s  combination of mate-ials and gages on t h e  pro to type  i t  
may be easier t o  b u i l d  a q u a r t e r  scale model than a t h r e e  q u a r t e r  scale 
model i f  both t r a n s i e n t  and s teady  s ta te  scaling a r e  requi red .  However, 
i n  genera l ,  as t h e  number of s u i t a b l e  materials decreases ,  so decreases  
the  p o s s i b i l i t i e s  of f i nd ing  s u i t a b l e  compromise s o l u t i o n s  at  any given 
s c a l e  r a t i o .  
4.2 Therma l  Control  Coatings 
The s c a l i n g  of thermal c o n t r o l  coa t ings  is a p o t e n t i a l  problem area 
in thermal  s c a l e  modeling. Coatings are app l i ed  t o  v i r t u a l l y  a l l  
i n t e r i o r  and e x t e r i o r  su r faces .  To i n t e r i o r  s u r f a c e s  t o  promote rad ia-  
t i on  in te rchange ,  and t o  e x t e r i o r  s u r f a c e s  t o  provide des i r ed  combinations 
of s o l a r  absorptance and i n f r a r e d  emission c h a r a c t e r i s t i c s  which govern 
the o v e r a l l  s p a c e c r a f t  temperature  l e v e l .  
In s c a l e  modeling t h e  presence  of coa t ings  assists t o  p re se rve  t h e  
r a d i a t i v e  p r o p e r t i e s  between model and prototype.  Hcvever some coa t ings  
are apFlied t o  a th ickness  < l O  m i l s )  which could s e r i o u s l y  in f luence  the  
conciuction balance.  The coa t ing  th i ckness  must be maintained i n  o rde r  t o  
preserve t h e  r a d i a t i v e  p r o p e r t i e s  of t he  s u r f a c e  bu t  i n  t h e  s c a l e  models 
t h i s  resul ts  i n  increased  conduction through the  coa t ing .  
Consider t h e  thermal c o n t r o l  coa t ing  shown appl ied  t o  some s u b s t r a t e  
s u r f a c e  : 
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The thermal r e s i s t a n c e  f 2 r  normal h e a t  t r a n s f e r  through t h e  subs t r . i t e  
and c o a t i n g  may be expressed as: 
I kcts + kstc R = -  
Rat io ing  t h e  thermal resistance f o r  a model t o  t h a t  o f  t he  pro to type  
r e s u l t s  i n  t h e  equat ion:  
If t h e  model i s  cons t ruc ted  wi th  r i g i d  adherence t o  t h e  t h r e e  
dimensional s c a l i n g  c r i t e r i a ,  where 
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Hm - - L  H 
P 
L kCID - =  k 
CP 
s m  
SP 
k 
- = L  k 
W 





L s m  
SP 
- =  
t 
cm - = L  
t 
C P  
then  t h e  r a t i o  of thermal r e s i s t a n c e s  reduces  t o :  
(24a) 
I f  however the s u b s t r a t e  is s c a l e d  and the  coa t ing  conduc t iv i ty  and 
thickness  a r e  preserved ,  Equation (23)  for t h e  r a t i o  of thermal r e s i s t a n c e s  
aga in  reduces t o  
It is apparent t h a t  should normal hea t  t r a n s f e r  through the coa t ing  
be t h e  dominant conduction f lux,  no s p e c i a l  c o n s i d e r a t i o n s  must be taken  
when t h e  coa t ing  conduc t iv i ty  and th i ckness  are preserved .  
The thermal r e s i s t a n c e  for conduction hea t  t r a n s f e r  along t h e  
s u r f a c e  shown may be expressed as: 
H 1 
' ( k t  + k t )  
R = -  
s s  c c  




R H W (ks t + kc tc ) 
R H W  
p p m (ksmtsm + k cm t cm 1 
2 - 3  p sp  
I f  t h e  model i s  aga in  cons t ruc ted  wi th  a r i g i d  adherence t o  t h e  
t h r e e  dimensional s c a l i n g  c r i t e r i a  as presented  i n  Table 1, the  thermal 
r e s i s t a n c e  r a t i o  reduces t o  
Rm 1 
R 2 
P L  
I f  t h e  s u b s t r a t e  i s  s c a l e d  whi le  t h e  coa t ing  th i ckness  and con- 
d u c t i v i t y  are preserved ,  Equation (28) then reduces t o  
Rm 
R 
1 + [kc tC P/k SR t SP 1 
L 2 + [ k  t / k  t 1 
- =  
CP CP SP SP 
I f  i t  is recognized t h a t  t h e  i n d i v i d u a l  thermal  r e s i s t a n c e s  i n  t h e  
coa t ing  and s u b s t r a t e  may be  expressed as 




H R = -  
c kctcW 
S kctc  
C ksts 
- = -  
Equation (30) can a l s o  be expressed a s  
R 1 + R /Rc 
Rp L + R ;R 
m Sp 
2 





The r a t i o  of  hea t  conduction i n  the  model t o  t h a t  conducted i n  t h e  
p ro to type  is 
R ATm 
R AT 
-I qm 2- 
qP P 
( 3 4 )  
b u t  t h e  t h r e e  dimension c r i te r ia  r e q u i r e s  t h a t  t h e  energy f l u x e s  be s c a l e d  
by t h e  squa re  of  t he  s c a l i n g  r a t i o .  As s t r i c t  s c a l i n g  requirements  have 
been compromised, w e  may use t h i s  information t o  c a l c u l a t e  t h e  tempera- 
t u r e  d i f f e r e n c e s  which might r e s u l t ,  from t h e  equa t ion  
R 
R 
ATm 2 m - =  L -  
P 
AT 
which reduces,  with the s u b s t i t u t i m  of Equation (331, t o  
(35) 
Figure 5 is  a p l o t  of t h i s  equa t ion  i l l u s t r a t i n g  t h e  temperature  
d i f f e r e n c e s  which might occur  f o r  several s e l e c t e d  s c a l i n g  r a t i o s .  
Figure 5a i l l u s t r a t e s  t h e  range of t h e  a b s c i s s a  over  which s e v e r a l  
combinations of s u b s t r a t e s  and thermal c o n t r o l  c o a t i n g s  would vary.  
The ra2ges i n  a b s c i s s a  shown i n  Figure 5a are t y p i c a l  f o r  1/16 inch 
(0.1588 cm) s k i n  panels  with a 10  m i l  e x t e r i o r  t h i ckness  of white  p e i n t .  
2-93 i s  a t y p i c a l  i no rgan ic  coa t ing  wh i l e  B-le60 i s  a t y p i c a l  o r g a n i c  
coat ing.  Both are whi t e ,  low a / E  coa t ings  whose r a d i a t i v e  p r o p e r t i e s  
are th i ckness  dependent. 
S 
As most s p a c e c r a f t  would be f a b r i c a t e d  from a v a r i e t y  of metallic 
materials, i t  is ev iden t  t h a t  models i n  the range of one f o u r t h  t o  one 
t e n t h  of f u l l  s i z e  would i n c u r  cons ide rab le  e r r o r s .  One s o l u t i o n  might 
be t o  ove r sca l e  the s u b s t r a t e  t o  compensate f o r  t h e  increased conduction 
i n  the  coa t ing  when b u i l d i n g  a s c a l e  model. 
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- = L  Ei 
s m  k - =  L 
k 
SP 
= B  tSUl -
t 
SP 
then  Equation (23)  reduces t o :  
W 






- =  1 
k 




However, i f  t h e  temperature  and h e a t  t r a n s f e r r e d  both  through t h e  
coa t ing  and s u b s t r a t e  a r e  preserved ,  then  t h e  r a t i o  of thermal  r e s i s t a n c e s  
must be p ropor t iona l  t o  the  i n v e r s e  of t h e  square  of t h e  s c a l i n g  r a t i o .  
Thus : 
1 ksptsp + kcptcp = -  
BL ksptsp cp cp L2 + k  t 
which can b e  r e w r i t t e n  as 
B k t  1 - = 1 f = (1 - -) 
k t  L2 L SP SP 
(39) 
o r  us ing  t h e  d e f i n i t i o n  of  i n d i v i d u a l  thermal r e s i s t a n c e s  as shown i n  
Equation (31) : 
1 R E = l + P ( l - - )  
L2 L CP 
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Figure 6 i l l u s t r a t e s  t h i s  r e l a t i o n s h i p  f o r  t h e  same range of 
v a r i a b l e s  as shown i n  Figures  5 and 5a. Here, however, a d e f i n i t e  limita- 
t i o n  i s  imposed on t h i s  method of overscal i r ,g  due t o  the  f a c t  t h a t  
e v e n t u a l l y  t h e  coa t ing  L t se l f  conducts more energy t h a t  i s  p e r m i s s i b l e  
f o r  t he  s c a l e d  coa t ing - subs t r a t e  system. A t  t h i s  p o i n t ,  compensating by 
t h i s  technique would have completely e l imina ted  t h e  s u b s t r a t e  material. 
This f i g u r e  i n d i c a t e s  t h a t  only t h e  most h igh ly  conducting s u b s t r a t e s  
would al low accura t e  modeling below scale r a t i o s  of  one-tenth. 
4 .3  M u l t i l a y e r  I n s u l a t i o n  
The s c a l i n g  of m u l t i l a y e r  i n s u l a t i o n  is p o t e n t i a l l y  t h e  most s e r i o u s  
problem a r e a  i n  thermal scale ;nodeling. 
used ex tens ive ly  on v i r t u a l l y  a l l  c u r r e n t  s p a c e c r a f t ,  t h e  manufacture of 
m u l t i l a y e r  b l anke t s  i s  e s s e n t i a l l y  an a r t  wi th  un 'ormity of performance 
d i f f i c u l t  t o  o b t a i n  (References 55-64). One of t he  most c r i t i c a l  para- 
meters i n  t h e  e v a l u a t i o n  of b l anke t  performance is  t h e  amount of con tac t  
between l a y e r s  of,ehe b l a n k e t .  Due t o  t h e  free f l o a t i n g  n a t u r e  of  t h e  
b l a n k e t s ,  the v a r i e t y  of shapes and s i z e s  t o  which they are a p p l i e d ,  and 
the  e f f e c t s  of a scen t  d e p r e s s u r i z a t i o u  I t h e  f i n a l  b l anke t  l a y e r  spacing 
and subsequent i n t e r l a y e r  con tac t  areas are impossible  t o  c o n t r o l .  This  
s e c t i o n  w i l l  i n i t i a l l y  d i zcuss  some a s p e c t s  of  m u l t i l a y e r  i n s u l a t i o n  
performance and then examine the  s c a l i n g  of m u l t i l a y e r  systems. 
While m u l t i l a y e r  i n s u l a t i o n  i s  
4 . 3 . 1  Mul t i l aye r  I n s u l a t i o n  Performance.- Th.e performance of a 
m u l t i l a y e r  s y s t e m  is  a complex problem due t o  t h e  d i s c r e t e  and aniso- 
t r o p i c  n a t u r e  of t he  l a y e r s .  Heat t r a n s f e r  through t h e  l a y e r s  is a 
r e s u l t  of r a d i a t i o n  t r a n s p o r t  between t h e  l a y e r s  and conduction pa ths  
through and along t h e  layers due t o  i n t e r l a y e r  con tac t .  Consider t h e  
fol lowing model of a m u l t i l a y e r  system composed o f  a subsu r face ,  (01, 
a l t e r n a t e  layers  of space r  and r a d i a t i o n  s h i e l d s ,  (n)  and a cover 
sheet  ( c )  . 
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The low temperature  space  environment is r ep resen ted  by t h e  s u b s c r i p t  
s .  The r e s i s t a n c e s  p i c tu red  denote the  p a r a l l e l  r a d i a t i o n  and conduct ion 
p ' i t h s  betweeii t h e  l a y e r s  of i n s u l a t i o n .  For a t y p i c a l  element o f  cross 
s e c t i o n a l  a r e a  A ,  ; w i l l  he  t h e  e f f e c t i v e  f r a c t i o n a l  c o n t a c t  area f o r  con- 
d u L t i u n  and 1 - 4  will be tile f r a c t i c - a 1  radiat iLl i l  ,ired. 
U t i l i z i n g  t h e  e i e c t r i c a l  analogy,  t h e  fo l lowing  equ iva len t  thermal 
i-cxciprocal r e s i s t a n c e s  mav be  c a l c u l a t e d :  
1 )  h e t w e e n  t h e  subsur face  and the  f i r s t  r a d i a t i a n  s h i e l d  
0 
2 )  between t h e  n l a y e r s  of i n s u l a t i o n  
3 .' k ' ( I - ; )  + T (T tT )+ T 11 ( 4 3 )  
l n l n  n 3 j T 1  _ -  m +  m (n-1)(= - 1) (n-1) x 
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3) between the  nth l a y e r  and t h e  cover s h e e t  
a(1-') [T 3+T T (T +T )+T ' ]I  (44) 1 'km 
C c [;+E -11 
- = A { -  R 0.5(xm+x ) + 1 1 n n c p c  c 
C 
4 )  between t h e  cr der s h c e t  and space 




k = thermal conduct iv i ty  a c r o s s  radiat 'cln s h i e l d  
k 
x = th ickness  of r a d i a t i o n  s h i e l d  
x = th ickness  o f  cover s h f e t  
in 




The energy t r a n s p o r t  a c r o s s  each of  tFlese thermal pa ths  may be 
eva lua ted  from t h e  fol lowing express ions  : 
1) between t h e  subsur face  and t h e  f i rs t  r a d i a t i o n  s h i e l d  
2) between t h e  n l a y e r s  of i n s u l a t i o n  
( 4 5 )  
39 
D2-121352-1 
3) between the  nth l a y e r  arid t h e  cover  shee t  
4 )  between the  cover s h e e t  and t h e  space  s i n k  
These equat ions  may be so lvsd  s imultaneously td determine t h e  one- 
dimensional energy t r a n s f e r  through a m u l t i l a y e r  system as a f u n c t i o n  of 
i t s  t h e m a 1  p r o ? e r t i e s  arid boundary cond i t ions ,  i f  the  e f f e c t i v e  con tac t  
a r ea  ( t )  is kccrm. T h e s e  equat ions  can a l s o  be u s e d  t o  determine sens i -  
t i v i t y  tc - e l a t i w  cor.+act area as shown i n  F igures  7 snd 8.  
Figures  7 and 8 show t h e  subsur face  terrperatures  r equ i r ed  t o  d r i v e  
(0.3152 Katts/m ) and 0.1 a t u / h r  f t 2  (0.03152 W a t t s / m  1, 2 2 2 1.0 Btu/lir i t  
i c s k , c c L i v d !  througi. insri iaLion systein;, wiltre tile iIUuber U L  layers and 
I r a c t i o n a l  contac -cas a r e  Ldr iab le .  A t  l a r g e  va lues  o f  f r a c t i o n a l  
contac t  a r ea  t h e  hza t  t r a n s f e r  mechanism is conduction dominant and t h e  
sub s u r f a c e  d r iv ing  temperarme i n c r e a s e s  l i n e a r l y  wi th  the  number of 
lave.-s.  A t  rnl,.imal va lues  of con tac t  area the  r a d i a t i o n  t r a n s p o r t  is 
dominant . 
A comparison of Figures  7 a r d  8 i n d i c a t e s  t h a t :  
1) very m a l l  chznges i n  f r a c t i o n a l  con tac t  area can r a d i c a l l y  
change the dominant mode of energy t r a n s p o r t  through t h e  
' n s u l d t  ion, and 
2 )  a s  t h e  t o t a l  f l u x  l e v e l  d e c r e r s e s ,  t h e  i n s u l a t i o n  system 




The extreme dependency of  one-dimensional p e r f o r  .ance upon e f f e c t i v e  
con tac t  area aakes c a l c u l a t i o n s  of performance d i f f i c u l t  as the c o n t a c t  
a r e a  is n e i t h e r  very uniform n o r  very c o n t r o l l a b l e .  Add i t iona l ly  two 
dimensional e f f e c t s  a r e  p re sen t  i n  the b l a n k e t s  due t o  the  presence of 
seams and p e n e t r a t i o n s  through the i n s u l a t i o n .  I n  t h e s e  areas, g r a d i e n t s  
induced along the  l a y e r s  r e s u l t  i n  s u b s t a n t i a l  F c r a l l e l  conduction and 
r a d i a t i o n  t r a n s p o r t  (References 56 and 6 3 ) .  
Many c u r r e n t  s t u d i e s  i n t o  t h e  p r e d i c t i o n  of  m u l t i l a y e r  i n s u l a t i o n  
performance are cont inuing but r e s u l t ;  t o  d a t e  i n d i c a t e  t h a t  experi-  
mental eva lua t ions  of t h e  blanket  systems are required.  The q u e s t i o n  
then arises, "Is i t  p o s s i b l e  to  s c a l e  m u l t i l a y e r  i n s u l a t i o n  systems 
without  a d e t a i l e d  understanding of performance ?" 
4.3.2 Sca l ing  3 lu l t i l aye r  Insu la t ion . -  This  s e c t i o n  w i l l  examine t h e  
r e l a t i v e  performance of prototype and model i n s u l a t i o n  systems t o  
determine a s e t  of s c a l i n g  c r i t e r i a  which do noL r e q u i r e  a d e t a i l e d  under- 
s t and ing  of performance. 
The n o m a 1  t h r e e  dimensional c r i t e r i a  f o r  t h e  temperature  preserva-  
^.ion thermal scale modeling o i  s p a c e c r a f t  r e q u i r e  t h a t  a l l  dimensions 
and material thermal c o n d u c t i v i t i e s  be  reduced i n  d i r e c t  p ropor t ion  t o  
the s c a l e  ra t ic .  A s  tire i n s u l a t i o n  b l a n k e t s  are normally composed of 
mir.in-m gage materials (e.g. 1 / 4  m i l  mylar w i th  a 500 A aluminum f i lm) 
and f a b r i c a t e d  f o r  minimum normal thermal conduc t iv i ty ,  t h e  a p p l i c a t i o n  
of t h e s e  s c a l i n g  c r i te r ia  is precluded,  
0 
I t  i s  t h e r e f o r e  n2cessary to  examine the  s c a l i n g  requirements  f o r  
mul t i l aye r  i n s u l a t i o n  b l a n k e t s  i n  d e t a i l  t o  see i f  a c r i te r ia  compromise 
might be e f f e c t e d  which would al low the  s a t i s f a c t o r y  scale modeling of  
m u l t i l a y e r  i n s u l a t i o n  b l anke t s .  
Consider the segment of a m u l t i l a y e r  b l anke t  shown i n  Figure 9. I f  
t h i s  segment of an i n s u l a t i o n  b l anke t  i s  t r e a t e d  as a t h r e e  cimensional  
D2-121352-1 
s o l i d  of volume 
s ta te  case wi th  
2 
L B ,  t h e  energy eqaa t ion  may b e  w r i t t e n  ( f o r  a s t eady  
no i n t e r n a l  gene ra l )  as 
The c o n d u c t i v i t i e s  of  t h e  now a n i s o t r o p i c  s o l i d  may be expressed as 
(51) k = k  = k L r  n t  
* Y  
UE (1-0) A AT4 ks$ A 5T 
n(2 - E) + B 1 (52) k~ AT AT 
S u b s t i t u t i o n  cf Equations (51) and (52) i n t o  (SO) wi th  t h e  change 
of v a r i a b l e s  : 
u = x/L v = y/L v = z/B (53) 
r e s u l t s  i n  t h e  d i f f e r e n t i a l  equat ion  
2 3 ks$ L2 2 
3w 
1 - =  0 d23 a28 u c  L (1-6)T + 
2 
-+-+. [ k, nBt 2 n k i t  (2-E) 2 .3U av 
(54) 
For t h e  s o l u t i o n  to Equaticn (54) t o  apply both to a proto type  and 
model i n s u l a t i o n  system the  c o e f f i c i e n t  
2 
kji nEt 
2 3 ks9 L 
I UE L (1-4) T -  + 
n2 k a t  ( 2 - & )  
I 
must be preserved between t h e  model and t he  pro to type .  
( 5 5 )  
I n  reg ions  of t h e  b l anke t  i n  which t h e  h e a t  t r a n s f e r  is only one 
dimensional through t h e  b l a n k e t ,  Equation (54) reduces t o  
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For t h i s  s i t u a t i o n ,  no requirement is placed upon scale modeling 
techniques.  
type and the  model. 
A n  i d e n t i c a l  b l anke t  system may be used on both  t h e  proto-  
IC t h e  more genera l  ca ses  o f  tvo dimensional hea t  t r a n s f e r  w i t h i n  
t h e  b lanket  t h e  c o e f f i c i e n t  of Equation (54) must be preserved.  
I f  t h e  fol lowing r e s t r i c t i o n s  are placed upon t h e  model: 
r a d i a t i v e  p r o p e r t i e s  are preserved ,  
temperatares  a r e  preserved ,  and 
i n s u l a t i o n  aater ia l  and f a b r i c a t i o n  techniques are preserved 
E = E :  
m P  
AT = AT 
m P 
P 0, = 6 
k = k  s m  s p  
t = t  
m P  
With these  r e s t r i c t i o n s  t h e  c o e f f i c i e n r  of 
model ( subsc r ip t  m) and pro to type  ( subsc r ip t  p) 
n 2  m k ~n R2 ii + nm/Bm) 
2 k  n SP (1 + np/Bp) 
P 
Equation (54) r e l a t e d  f o r  
becomes 
( 5 8 )  
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A t  t h i b  po in t  a number of a l t e r n a t e s  appear .  
I f  t he  thermal  conduc t iv i ty  of t h e  l a y e r  m a t e r i a l  is preserved  and 
the  l a y e r  packing d e n s i t y  is  preserved ,  then  Equation ( 5 8 )  reduces t o  
n 




( 5 9 )  
The number of l a y e r s  could b e  reduced p ropor t iona l  t o  t h e  scale r a t i o .  
However, t h e  number of  l a y e r s  be ing  an i n t e g e r  p l aces  a s e v e r e  l i m i t a -  
t i o n  on a l lowable  scale r a t i o s .  
Reducing t h e  number of l a y e r s  also i n c r e a s e s  t h e  normal h e a t  
t r a n s f e r  through t h e  b lanket .  Th i s  is allowed by t h e  equa t ions  which 
assume a cont inuous media r a t h e r  than  t h e  d i s c r e t i z e d  l a y e r s  a c t u a l l y  
p re sen t .  
I f  t h e  model b l a n k e t  is cons t ruc t ed  of t he  same number of l a y e r s  
= n ) and t h e  same packing d e n s i t y  is maintained Equation (58) ("m p 
reduces to  the  requirement.  
Thus, i t  is shown t h a t  a m u l t i l a y e r  i n s u l a t i o n  b l anke t  may be  modeled by 
an i d e n t i c a l  b l anke t  i f  t h e  conduc t iv i ty  a long t h e  l a y e r s  can be reduced 
by t h e  square of t h e  modeling r a t i o .  
A technique f o r  s e l e c t i v e l y  reducing  t h e  l a t e r a l  conduc t iv i ty  of  t h e  
i n d i v i d u a l  m a t e r i a l  l a y e r s  i n  t h e  d i r e c t i o n  of t he  thermal  f l u x  has  been 
suggested by Katzoff ( h f e r e n c e  5) .  This  technique c o n s i s t s  of s l i t t i n g  
the  l a y e r s  i n  a d i r e c t i o n  n o m a 1  t o  t h e  l o c a l  h e a t  f l u x .  
s i t u a t i o n s  the  d i r e c t i o n  of' the  l o c a l  h e a t  f l u x  w i l l  vary wi th  t h e  space- 
c r a f t  o r i e n t a t i o n .  However, i n  reg ions  of seams and p e n e t r a t i o n s  through 
t h e  b l anke t ,  t h e  l o c a l  f l u x e s  w i l l  be d i r e c t e d  toward t h e  edges of t h e  
o lanket .  I n  these  r eg ions  selective s l i t t i n g  of t he  l a y e r s  w i l l  a i d  t h e  




The i n c r e a s e  i n  thermal r e s i s t a n c e  obta ined  by va r ious  s l i t t i n g  
r a t i o s  i s  shown i n  Figure 10. The r e s u l t s  shown are  taken from a r e c e n t  
s tudy  (Reference 62). A f u r t h e r  d i f f i c u l t y  a r i s e s  when e f f e c t i v e  con- 
d u c t i v i t y  a long the  l a y e r s  is considered.  
Severa i  r ecen t  s t u d i e s  (References 5 6 ,  59 a:c 63) have shown t h a t  a 
s i g n i f i c a n t  amount of energy i s  t r anspor t ed  along the  l a y e r s  by r a d i a t i o n .  
The r a d i a t i o n  t r a n s p o r t  i s  even dominant i n  many cases  without  t he  
presence of  extreme temperature  g r a d i e n t s .  This  means t h a t  s l i t t i n g  m u s t  
reduce conduction h e a t  t r a n s f e r  enough t o  scale both  conduction and 
r a d i a t i o n  along the  layers. 
This  in t roduces  a p o t e n t i a l  l i m i t a t i o n  when t h e  removal o f  a l l  con- 
duc t ion  i s  no t  s u f f i c i e n t  t o  allow adequate  s c a l i n g  of the  r a d i a t i o n  
component a lone.  
requi red  to  determine t h e  s l i t t i n g  requirements .  
An understanding of performance however, would be 
I f  t h e  l a y e r s  are considered as d i s c r e t e  s h e e t s  of material t h e  
energy conducted along t h e  l a y e r s  may b e  approximated by 
ATO q = -k A -  
R AL 
from the  requirements  f o r  temperature  p r e s e r v a t i o n  
llm Am AL k -=--  Qm -iL/ 
k, A AT AL p op K. 
qp P 
but  
A = ntZ 
Thus  Equation (62) reduces ' 0  
k~ n t 
K n t  
Lp P P 
R2 m m m  - - - p  (63) 
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I f  t he  l a y e r  t h i ckness  i s  preserved  then  
Thus, i n  reg ions  where energy t r a n s p o r t  down t h e  l a y e r s  i s  dominant , 
some combination of s l i t t i n g  and r educ t ion  i n  number of l a y e r s  may b e  
used t o  s a t i s f y  t h e  s c a l i n g  cr i ter ia .  
One a d d i t i o n a l  a l t e r n a t e  appears  f e a s i b l e  a t  t h i s  t i m e .  I f  t h e  
s p a c e c r a f t  is f a b r i c a t e d  such t h a t  energy loss through t h e  i n s u l a t i o n  
is n e g l i g i b l e  compared t o  l o s s e s  through p e n e t r a t i o n s ,  louver  pane l s ,  
r a d i a t o r  p l a t e s ,  etc. then  s c a l i n g  t h e  i n s u l a t i o n  system c m l d  b e  
d e l e t e d  i n  f avor  of s c a l i n g  t h e  reg ions  of dominant energy l o s s .  
I n  summary, t h e  fo l lowing  circumstances appear t o  o f f e r  some 
oppor tuni ty  f o r  s a t i s f a c t o r y  scale modeling of m u l t i l a y e r  i n s u l a t i o n :  
1 )  I f  energy t r a n s p o r t  through t h e  i n s u l a t i o n  s y s t e m  i s  n e g l i g i b l e  
compared t o  energy l o s s e s  from o t h e r  p o r t i o n s  of  t h e  v e h i c l e ,  
scale modeling of the  i n s u l a t i o n  system may be  neglec ted .  
I f  t he  energy t r a n s p o r t  through t h e  i n s u l a t i o n  is- normal t o  
t h e  l a y e r s ,  no s c a l i n g  is requi red .  The pro to type  system can 
be used on t h e  model, 
2) 
3) I f  t h e  energy t r a n s p o r t  a long t h e  l a y e r s  is dominant, a combina- 
t i o n  of l a y e r  r educ t ion  and layer s l i t t i n g  may be  used t o  
s a t i s f y  s c a l i n g  requirements .  
4 )  I f  energy t r a n s p o r t  bo th  through and along t h e  l a y e r s  i s  
important ,  s l i t t i n g  t h e  b l anke t s  may be a t i l i z e d  t o  s a t i s f y  
s c a l i n g  requirements .  This  technique i s  l i m i t e d  as the  
. .  i i a t i v e  t r a n s p o r t  a long the  l a y e r s  can n o t  b e  e f f e c t i v e l y  
&caled in t h i s  manner. 
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I n  conclusion i t  would appear t h a t  a g r e a t  d e a l  more e f f o r t  w i l l  
have t o  be  expended on m u l t i l a y e r  i n s u l a t i o n  technology b e f o r e  c r i t e r i a  
are developed t o  guide scale modeling e f f o r t s  over t h e  e n t i r e  spectrum 
of p o t e n t i a l  s i t u a t i o n s .  
4.4 I n s t r  m e n t a t i o n  E f f e c t s  
The mere presence of thermocouple in s t rumen ta t ion  in t roduces  a d i s -  
t u rb ing  f a c t o r  t o  the  thermal ba l ance  of . ; t ruc ture .  While t h i s  d i s -  
turbance i s  l o c a l i z e d  i t  t akes  p l a c e  a t  tfrc '  p o i q t  a t  which t h e  temperature  
measurement i s  attempted. As a r e s u l t ,  thermocouples tend t o  u t i l i z e  
t h e  smallest  w i r e  gages a v a i l a b l e  i n  a n  e f f o r t  t o  minimize t h e  d i s t u r -  
bance of t h e  thermal halance due t o  the  presence of an a d d i t i o n a l  con- 
duc t ion  path.  The f i n e  w i r e  gage a l s o  minimizes t h e  thermal  capac i ty  of 
t h e  thermocouple bead i t s e l f .  This -educes t i m e  l a g s  i n  t h e  instrumenta- 
t i o n  by al lowing t h e  thermocouple bead t o  respond t o  t r a n s i e n t s  w i th  t h e  
same r a p i d i t y  as t h e  s t r u c t u r e  b c f r g  instrumented. 
Thus t h e  t e s t i n g  of an a p p r o p r i a t e l y  instrumented p ro to t ,pe  would 
involve the use of an a l r eady  minimal wire gage f o r  t h e  thermocouples. 
A s  smaller s c a l e  models are t e s t e d  i t  w i l l  no t  a lways  be  p o s s i b l e  t o  
a p p r o p r i a t e l y  s c a l e  the in s t rumen ta t ion .  One might even reach the p o i n t  
where the presence of i n s t rumen ta t ion  in t roduces  apprec i ab le  e r r o r s  due 
t o  conduction along the  thermocouple beads. This s e c t i o n  w i l l  examine 
temperature e r r o r s  which would occur  f o r  a range of c a s e s  as a r e s u l t  of 
t he  presence of instrumentat ion.  
Consider t he  small d i s k  of 'diameter D and th i ckness  t shown i n  t h e  
0 
fol lowing ske tch  : 
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ion 
The d i s k  is placed i n  a vacuum chamber [ E  
i l lumina ted  by a s o l a r  s imula tor  of i n t e n s i t y  5 
connected to  t h e  c e n t e r  of t h e  d isk .  
diameter d 
i n  +he chamber w a l l .  
= 0.90, T 
F‘ 
= 139’R (77’K) and 
W W 
A thermocouple i s  
The thermocouple wire i s  of 
l e n g t h  !., and connected tc an  ins t rumenta t ion  passthrough 
0’ 
Performing a gross  energy ba lance  t h e  fol lowing ternis are obta ined:  
1 )  energy absorbed by d i s k  
2 E = 114 ixsD SF ;iD ( a )  0 
2 )  energy r a d i a t e d  from t h e  d i s k  
2 
4 n D  + n D o t !  T 0 D I 4  E ( b )  = 2ae 
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3) energy absorbed by t h e  wire 
E = asd SF t~ doL 
( C )  
4) energy emi t t ed  by the w i r e  
E = U E  [ n d L j T 4  (d)  d 0 
t h e  g ross  energy ba lance  f o r  t h e  system r e s u l t s  i n  the  equa t ion  
E d L  d o  
o D Do 
- 7 1  a T t D E  = [1/2 + 2 - + - 
'sD 'F + 'sd 'FdoL 
4 E D  'DDo 
2 
The conduction boundary cond i t ion  a t  t he  i n t e r f a c e  between d i s k  and 
thermocouple can be expressed as 
-kD A 
o r  i n  non-dimensional 
a T  aT 
ax d i s k  ax t hermo coupl e 
f o m  
= kd A -  I - I  
. .  
Considerat ion of 
= -  aT' I 3T' - I  
dink ax ' thermo coupl e 
Equations 69 and 73 i n d i c a t e s  t he  fol lowing 
dimensionless  groups wh:.ch govern t h e  s o l u t i o n  t o  t h e  problem: 
1) r a d i a t i v e  p r o p e r t i e s  
sd a a sD 
6 '  
- .  -d E - .  
"d 'D ' D 







3) geometric p r o p e r t i e s  
t L 
' d  
- *  - 
0 
- .  
Do ' DO 
(74j 
This  problem, shown i n  t h e  preceding s k e t c h ,  was so lved  f o r  a 
ncmber of p e r t u r b a t i o n s  of t he  i n d i c a t e d  dimensionless  parameters .  A f t e r  
a number of s t u d i e s  i t  was found t h a t :  
I f  t h e  thermocouple wires l e a v i n g  the  disk were shadowed from 
t h e  sun f o r  a s h o r t  d i s t a n c e  (on t h e  o r d e r  of one f o o t )  b e f o r e  
being exposed t o  t h e  sun ,  i t  makes no d i f f e r e n c e  i f  t h e  wires 
are t o t z l l y  a r  p a r t i a l l y  shadowed. T h u s ,  t h e  r e l a t i o n s h i p  
[ a  /E: 3 was shown t o  b e  unimportant over a reasonabie  range of s d  d 
va lues .  
I f  the thermococple wires were of l e n g t h  g r e a t e r  than approxi- 
mately one f o o t ,  t h e i r  overa l l  l e n g t h  was found t o  be 
unimportant.  Thus t h e  r e l a t i o n s h i p  [L/d ] was also dropped from 
subsequent cons  i d e r a t i o n .  
The r a t i o  of  e m i s s i v i t i e s  [ E  /E ] appeared t o  determine t h e  d D  
l e n g t h  of thermocouple wire f o r  t h e  preceding e f f e c t s  t o  become 
n e g l i g i b l e .  Reasonable ranges  of r e l a t i v e  emissivi t ies  
i n d i c a t e d  l e n g t h s  OP t h e  o r d e r  of a fool. o r  less  b e f o r e  t h e  pre- 
ceding e f f e c t s  become n e g l i g i b l e .  
U 
As t h e  thermocouple l e a d s  from a test a r t i c l e  i n  a space  chamber are 
g e n e r a l l y  on t h e  o r d e r  of several f e e t  t h e s e  t h r e e  r a t i o s  were dropped 
from c o n s i d e r a t i w  
f c u r  r a t i o s .  The r e s u l t s  of t h e s e  s t u d i e s  are presented  i n  F j a u r e s  11 
through 1 4 .  
Parametr ic  s t u d i e s  were made based on t h e  remaining 
.le r e s u l t s  of Y s tudy  of  re la t ive  geomex ic  e f f e c t s  are shown i n  
k lgures  13 and 1 2 .  The two l i m i t i n g  temperatures shown i n  F igure  1 2  a t  
l a r g e  va lues  o f  wire di3,meter are a r e s u l t  of t h e  assumed passthrough 
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temperature.  Two passthrough temperatures  were r l t i l i z e d  i n  t t l e  ca lcu la-  
t i o n s .  These were equol  t o  t h e  l i q u i d  n i t r c g e n  w a l l  temperature  
[139OR (77OK) ] and t h e  e x t e r n a l  room temperature  [530°R (294'K) 1. 
The r t s u l t s  of a s tudy  of  r e l a t i v e  conduct iv i ty  are  shown i n  
Figure 13. The r e s u l t s  of a s t u d y  of  t h e  rad 'a t ive  p r o p e r t i e s  of t h e  
t a r g e t  d i s k  are shown i n  F igure  14.  
These s t u d i e s  i n d i c a t e  t h a t  € o r  i+a?irsonable ranges o f  t he  p a r a r e t e r s  
only t h e  e f f e c t s  of relative geometry are of importance.  From Figure  1 2  
i t  apypars t h a t  n e g l i g i b l e  e r r o r  w i l l  be i n c u r r e d  i f  t h e  thermocouple 
w i r e  d i m e t e r  is  two t o  t h r e e  o r d e r s  of magnitude small than t h e  charac te r -  
i s t i c  nodal dimension. Ranges o f  c h a r a c t e r i s t i c  nodal dA., Lnsion t o  
nodal th ickness  appear of secondary importance. 
I n  r e t r o s p e c t  howevez., a small Jalue of t h e  geometr ic  r a t i o  
( d  I'D ) f o r  t he  i n d i c a t e d  problem r e a l l y  ind ica te .  ' a -  conduction l o s s e s  
from the  theimocouple should be m a l l  relative t o  the inpiit. Lilsrgv. As 
t h e  energy i n p u t  was over  t h e  f a c e  of t h e  d i s k ,  t h r i  disk t t i c k n e s s  was 
of small import. I f  t h e  power i n p u t  to  t h e  nods h a d  been by conduction 
from che a d j o i n i n g  s t r u c t u r e ,  t h e  disk t h i c k n e s s  would have been 
s i g n i f i c a n t .  Our concliwions are thris l im€ted  t o  nodes w i t h  s o l a i  input 
and, f o i  t v p i c a l  thermocouple gages [0.006 i n .  (0.0152 cm) d i a . ] ,  no 
severe l i m i t a t i o n  i s  placed on thermal  scale modeling. 
0 0  
4.5 Thermal Gradien t  E f f e c t s  
The presence of l a r g e  thermal g r a d i e n t s  I n  t h e  s p a c e c r a f t  s t r u c t u r e  
can in t roduce  e r r o r s  when thermocouple l o c a t i o n s  are not  known p ~ z c i s e l y .  
I n  a s p a c e c r a f t ,  reg ions  of l a r g e  thermal g r a d i e n t s  wou!d b? a s s o c i a t e d  
v i t h  h igh  enerby .ources such as r a d i o i s o t o p e  po*rer s u p p l i e s  o r  t r a v e l i n g  
wave tubes.  U' i l . i z i n g  temperature  p r e s e r v a t i  ~n t$??.i;niques r e s u l t s  i r k  
g r a d i e n t  increases p r o p o r t i o n a l  t o  t n e  scale model r a t i o .  Temperature 
e r r o r s  r e s u l t i n g  from imprecise  thermcr.ouple placement are accentua ted  
i n  t h e  scale model, 
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Erro r s  i n  thermocoriple l o c a t i o n  can be due b. L I I  t o  placement of t h e  
thermocouple and i n a b i l i t y  t o  l o c a t e  the thermocouple j u n c t i o n  wi th  t h e  
bead i t s e l f .  Consider t he  thermocouple shown i n  t h e  fol lowing ske tch :  
'\e thermocouple v i r u s  of diameter  d are placed i n  a s t r u c t u r a l  
0 
eleineiiL . t h i ckness  d.  A thermal g r a d i e n t  [(T - T )/L] is  maintained 
over the  d i s t a n c e  L .  ibe thermocouple j u n c t i o n  is l o c a t e d  a t  x + d . 
I t  i s  assumed t h a t  t h e  LL)t:ation can be determined wi th in  the half width 
of t h e  thermocouple bead. Here t h e  thermocouple bead is assumed t o  have 
a c h a r a c t e r i s t i c  dimenhion equal  t o  twice the w i r e  d iameter .  
H c  
0 
The temperature a t  t h e  nominal thermocouple l o c a t i o n  may be 
expressed as 
X T T + - (TH - Tc) 
S C L  
w h i l e  t h e  temperature measured by t he  thermocouple 
f o l l c . i n g  s e t  of va lues  
"X ax 
d i f f e r e n t i a t i n g  Equation (75) and combining equa t ions  
(75) 
may range ove r  t he  
(76) 
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when T is t h e  median temperature  a long the  s e c t i o n  
X 
3T x + do 2 d  
1 - 
- l +  O (-4 - + T ~ )  ax Tx 
This equat ion  is shown i n  Figure 1 5  f o r  a range of thermocouple 
s izes  ( f o r  the  l a r g e r  vire sizes shown, t h i s  dimension is more charac te r -  
i s t i c  of  a placement e r r o r  than  a thermocouple w i r e  size) and in  Figure 
16  f o r  a range of mean temperature  l e v e l s .  
For a t y p i c a l  thermocouple w i r e  s ize  [approximately 0.001 f t .  
(0.03048 cm)] and temperature  range,  a t e n  thousand degree  Fahrenhei t  
per  foo t  (182°K/cm) g r a d i e n t  is r equ i r ed  t o  produce a 2 percent  e r r o r  
i n  measured temperature.  
It appears  t h a t  extreme g r a d i e n t s  are requ i r ed  t o  produce appre- 
c i a b l e  e r r o r s  i n  temperature.  O r  conversely,  t h e  scale models w i l l  be 
extremely small be fo re  t h e  normal range of g r a d i e n t s  is magnified t o  t h e  
extreme requi red  t o  produce apprec i ab le  e r r o r .  As a l w a y s  however, i t  is 
b e s t  t o  s e l e c t  isothermal  reg ions  as thermocouple l o c a t i o n s  i n  order  to 
reduce t h e  e f f e c t s  of grad ien t  induced e r r o r s .  
4.6 T e s t  Environment 
The use of a vacuum chamber t o  s imula t e  the  space environment 
in t roduces  s e v e r a l  sources  of e r r o r  due t o  our  i n a b i l i t y  t o  c o r r e c t l y  
s imula t e  the  space environment. 
i n  t he  fol lowing items: 
These e r r o r s  are a r e s u l t  of mismatches 
1) the  s o l a r  beam 
a) i n t e n s i t y  
b) uniformity 
c )  co l l ima t ion  
d) s p e c t r a l  match 
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3) t h e  chamber 
a )  grey  w a l l s  
b) background temperature  
c) vacuum p r e s s u r e .  
L e t  u s  b r i e f l y  examine t h e  p o s s i b l e  errors i n  temperature  as a 
r e s u l t  of some of t h e s e  i t e m s .  Consider t h e  s i m p l i f i e d  model shown in 
t h e  fol lowing ske tch :  
h small d i s k  of area ..A and solar a b s o r p t i v i t y  a is exposed t o  a 
S 
s o l a r  bean of i n t e n s i t y  SF a t  an  o f f - s o l a r  angle  8. 
surrounded by an  environment w i t h  a n  e m i s s i v i t y  E and a temperature  T . 
The d i s k  is 
W W 
Xn energy balance on t h e  a i s k  wi th  so;.ar i r r a d i a t i o n  and emission 
t o  t h e  surroundings provides  a s o l u t i o n  f c r  Lie e q u i l i b r i u m  temperature  
of the  d i s k  
a S cos 8 E 1 / 4  w ,  4 ' I  * - s F  
E W  
T = [(E) 2a (79) 
Figure 1 7  examines t h e  e f f e c t s  of cbe c o ~ d  w a l l  temperature  and 
e m i s s i v i t y  f o r  a d i s k  having t h e  p r o p e r t i c s  of a whi te  thermal c o n t r o l  
c o a t i n g  and i r r a d i a t e d  by a normal beam of one sun s o l a r  i n t e n s i t y .  
hlost space  s imula t ion  chambers are pa in ted  b lack  and h&ve 
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l i q u i d  n i t rogen  shrouds.  
t h e  o r d e r  of a 140"R (7'K) temperature and a 0.90 emiss iv i ty .  
causes  temperature  e r r o r s  on t h e  o r d e r  of one h a l f  of one percent .  
This would r e s u l t  i n  a shroud p r o p e r t i e s  on  
This  
Other s t u d i e s  have shown t h a t  gas  convect ion e f f e c t s  are n e g l i g i b l e  
-4 
i n  the  chamber a f t e r  th2 p res su re  drops below the  10 t o  t o r r  
range. Most e x i s t i n g  chambers ope ra t e  i n  t h e  10  t o  t o r r  range 
and in t roduce  n e g l i g i b l e  e r r o r s  due t o  gas  conduction i n  t h e  chamber or 
i n t e r i o r  t o  t h e  s p a c e c r a f t .  
-8 
Figure 15 examines the  e f f e c t  of s o l a r  i n t e n s i t y  v a r i a t i o n s  on t h e  
temperature of t h e  d i sk .  The l o c a l  i n t e n s i t y  i n  t h e  chamber could vary 
as mucn as 2 5 percent ,  bu t  i n  t h e  c e n t r a l  area of t h e  beam a 2 2-112 
percent  v a r i a t i o n  is more c h a r a c t e r i s t i c  of Boeing o p e r a t i n g  experience.  
This  causes  temperature e r r o r s  i n  t h e  + 1.0 t o  -0.2 percent  range. 
Figure 19 examines t h e  e f f e c t  of s o l a r  beam c o l l i m a t i o n  ang le  on t h e  
:emperature of the  d isk .  Typica l  o f f  co l l ima t ion  h a l f  ang le s  are on t h e  
o rde r  of one t o  two degrees  (0.0174 - 0.0348 r ad ians )  which is a 
n e g l i g i b l e  e r r o r .  However, poor co l l ima t ion  would have a l a r g e r  e f f e c t  
on nodes which should be shadowed and are no t .  
The s p e c t r a l  d i s t r i b u t i o n  of energy emi t ted  by t h e  s o l a r  s imula to r  
is n o t  a good match wi th  t h e  Johnsc? s o l a r  curve.  
and pro to type  use t h e  same coa t ings ,  then  t h e  r a d i a t i v e  p r o p e r t i e s  w i l l  
be preserved under t h e  same source.  This w i l l  r e s u l t  i n  s l i g h t  d i f f e r e n c e s  
between space s imula tor  and a c t u a l  space performance of the same veh ic l e .  
However, i f  both model 
In  a c t u a l i t y ,  t hese  e f f e c t s  are c h a r a c t e r i s t i c  of chamber t e s t i n g  
(References 65-69) and do not  p a r t i c u l a r l y  relate t o  l i m i t a t i o n s  i n  model 
s i z e .  Some e f f e c t s  vaguely relate t o  model s i z e  (usua l ly  r e s u l t i n g  i n  an 
improvement i n  test  r e s u l t s  when compared wi th  f u l l  s i z e  t e s t i n g )  and 
these  a r e :  
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1 )  The smaller models w i l l  tend t o  u t i l i z e  on ly  t h e  c e n t r a l  
p o r t i o n s  of  t h e  s o l a r  beam which h a s  greater uniformity than 
t h e  o v e r a l l  beam. 
2) Local p e n e t r a t i o n s  i n  t h e  chamber wal l s  ( in s t rumen ta t ion  pass- 
throughs and viewing p o r t s )  w i l l  be more removed from the  
proximity of t h e  s m a l l e r  v e h i c l e s ,  t hus  reducing the  chances of 
l o c a l i z e d  e f f e c t s  as a r e s u l t  of t h e  p e n e t r a t i o n s .  
The space s imula t ion  f a c i l i t y  appears  t o  p rov ide  no lower l i m i t a -  
t i o n s  on s i z e  u t i l i z i n g  temperature p r e s e r v a t i o n  techniques f o r  scale 
modeling. 
On the  o t h e r  hand tile material p r e s e r v a t i o n  technique r e q u i r e s  t h a t  
s o l a r  i r r a d i a t i o n  be s c a l e d  by 
S L 4 1 3  
m l!i S = (f) P 
As t'.'e s c a l e  r a t i a  dec reases  the  absorbed energy must lncrease out of 









Two a l t e r n a t e s  o r  some combination of these are a v a i l a b l e .  The 
i n t e n s i t y  of t h e  s o l a r  beam can be increased and/or  the s o l a r  a b s o r p t i v i t y  
of t he  s u r f a c e  can be increased.  For example, a s u r f a c e  with a white  
thermal c o n t r o l  coa t ing  (a = 0.16; E = 0.9) could be modeled by a b l ack  
coa t ing  (a = 0 . 9 ;  E = 0.9) t o  provide an i n c r e a s e  i n  absorbed s o l a r  
energy by a f a c t o r  o f  5.6. A f u r t h e r  model i n c r e a s e  i n  s o l a r  i n t e n s i t y  





However, a l imitat ion exists here as  most ex i s t ing  so lar  simulators 
are not capable of operation much above two so lar  constants. 
appear that a tenth sca le  model would be near the l i m i t  of the lower 
sca l ing  r a t i o  which could be tested in  most ex i s t ing  chambers. 
I t  would 
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TABLE 7 .  SELECTION OF MATERIALS FOR TRANSIENT SCALING 
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Figure 18: SOLAR SIMULATOR INTENSITY EFFECT ON MODEL TEMPERATURES 












0.99 I 1 1 I - 
0 50 100 150 200 250 300 
Cold Wall Temperature 
Figure 19 : SOLAR SIMULATOR COLLIMATION EFFECT ON MODEL TEMPERATURES 
7 7  

BRECEDlNG PAGE BdhJ$#& T FILMED. 
5.0 EXPERIMENTAL STUDY 
The purpose of the experimental work under t h i s  contract  was t o  
demonstrate tha t  s ca l e  models could predic t  a prototype vehic le  thermal 
performance within the e r ro r  band r e su l t i ng  from the  unce r t a in t i e s  des- 
cribed previously. 
and instrumentation, the vacuum chamber and so la r  simulator operating 
cha rac t e r i s t i c s ,  and the a c t u a l  test conditions experienced by the  models. 
This sec t ion  w i l l  d iscuss  d e t a i l s  of the  model design 
5.1 Model Design 
The actual vehic le  geometric configuration was a r b i t r a r i l y  se l ec t ed  
with ease of manufacturing being 9 primary consideration. 
f i n a l  design (Figure 20) did not  resemble an ac tua l  spacecraf t ,  i t  does 
incorporate the  following cha rac t e r i s t i c s  t yp ica l  of f l i g h t  hardware: 
While the  
1) lightweight e x t e r i o r  sk in  panels 
2) 
3) an over extended base deck which r e s u l t s  i n  s o l a r  r e f l e c t i o n s  
a r e l a t ive ly  heavy s t r u c t u r a l  frame 
back onto e x t e r i o r  surfaces  
energy sources i n t e r i o r  t o  the  spacecraf t  i n  d i s c r e t e  compart- 
ments t o  simulate e l ec t ron ic s  components. 
4) 
Previous experience had indicated t h a t  t he  Boeing raw materials' 
s t o r e s  car r ied  a l a rge  va r i e ty  of 6061-T6 and 7075-T6 aluminum p l a t e  and 
s t r u c t u r a l  shapes. It was thus decided t o  manufacture the  prototype from 
1/16 inch (0.1588 an) 6061-T6 and 7075-T6 shee t  s tock with 6061-T6 being 
the  dominant material. 
The diameter of t h e  simulated s o l a r  beam i n  the  test chamber pro- 
vided an upper l i m i t  on the  prototype major dimensions of approximately 
42 inches (106.8 cm). 
The f i n a l  configuration took the form of a 20 inch (50.8 cm) cube on 
a 30 inch (76.2 cm) square p l a t e ,  with the bas ic  f ab r i ca t ion  materials 
being 1/16 inch (0.1588 an) 6061-T6 and 7075-T6 shee t  stock. 
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The Boeing raw materials c a t a l o g  w a s  searched t o  i d e n t i f y  those  
materials which are c a r r i e d  i n  a wide range of gages and s t r u c t u r a l  
shapes.  Those materials are i d e n t i f i e d  i n  Tables 8 and 9 and t h e i r  
thermal c o n d u c t i v i t i e s  a t  535'R (297'K) are t a b u l a t e d .  
The two dimensional "geometric d i s t o r t i o n "  s c a l i n g  c r i te r ia  w a s  used 
t o  c a l c u l a t e  t h e  gages r equ i r ed  i n  each of t h e s e  materials f o r  nominal 
h a l f  and q u a r t e r  scale models. The raw materials handbook was aga in  
searched and t h e  a v a i l a b l e  gages c l o s e s t  t o  t h e  r e q u i r e d  gages were tab- 
u l a t ed .  The two dimensional s c a l i n g  c r i te r ia  w a s  aga in  used t o  c a l c u l a t e  
the corresponding nominal scale r a t i o  for t h e  a v a i l a b l e  material gages. 
I t  is quickly ev iden t  t h a t  as one goes t o  smaller scale r a t i o s  t h e  
materials and t h e i r  a v a i l a b l e  gages pose  a s e v e r e  l i m i t a t i o n .  
Examining t h e  t a b u l a t e d  r e s u l t s  i n d i c a t e s  t h a t  f o r  t h e  nominal h a l f  
s c a l e  model; 7075-T6 can be s u b s t i t u t e d  for 6061-T6 a t  a scale r a t i o  of 
0.559 and 2024-0 can be s u b s t i t u t e d  f o r  7075-T6 a t  a scale r a t i o  of 0.496. 
This r e s u l t s  i n  an accep tab le  temperature  e r r o r  on t h e  o r d e r  of -0.6 pe rcen t .  
For the  nominal qua r t e r - sca l e  model; Type 301 s t a i n l e s s  s tee l  could 
be s u b s t i t u t e d  f o r  both t h e  6061-T6 and 7075-T6 a t  scale r a t i o s  of 0.255 
and 0.258, r e s p e c t i v e l y .  
o rde r  of +2.1 pe rcen t ;  however, changing t o  a 0.255 scale model r a t i o  
would r e s u l t  i n  an accep tab le  error. 
This would r e s u l t  i n  a temperature e r r o r  on t h e  
Under t h i s  c o n t r a c t  however, only the  p ro to type  and h a l f  scale models 
were f a b r i c a t e d  and t e s t e d .  
The o v e r a l l  v e h i c l e  conf igu ra t ion  is shown i n  Figure 20. The per- 
t i n e n t  dimensions and component design d e t a i l s  are shown i n  Tables  10 
through 12. The temperature dependent thermal p r o p e r t i e s  of t he  materials 
a r e  t a b u l a t e d  i n  Appendix A. 
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Table 10 ind ica tes  the gages of the s t r u c t u r a l  elements which com- 
prise the angle "iron" frame, the sk in  panels,  and the equipment deck. 
As three hea ter  elements were attached t o  the  equipment deck i t  was made 
of a heavier gage t o  force  s t ronger  conductive coupling t o  the s t r u c t u r a l  
frame. 
Table 11 ind ica t e s  the dimensions and gages of the hea ter  can i s t e r  
components. The hea ter  i t s e l f  consisted of 128 gage (R36 gage on the  
half  s ca l e  model) nichrome w i r e  i n  a h e l i c a l  wrap around the  aluminum 
s i l ica te  hea ter  core. Both ends of the  nichrome w i r e  were staked t o  the 
aluminum si l icate  where power leads  (1124 gage wire) and vol tage taps  
(130 gage w i r e )  were connected. 
Table 12 ind ica tes  the  dimensions and gages of the hea ter  box 
components. The hea ter  i t s e l f  is i d e n t i c a l  i n  construct ion t o  those 
used i n  the heater  can i s t e r ,  bu t  with a g rea t e r  ove ra l l  length.  
The "angle iron" frame w a s  welded together  and the  sk in  panels and 
equipment deck were bol ted  t o  the  frame. 
spaced such t h a t  the j o i n t  conductance was  l a rge  compared t o  the con- 
duction paths i n  the sk in  panels.  
along the j o i n t s  a l so  promoted conduction contact .  
The b o l t s  were s i zed  and 
A conducting s i l i c o n e  grease f i l m  
The heater  can i s t e r  and box assemblies %re a l s o  bol ted  together i n  
such a manner as t o  minimize the  r e s i s t ance  across  the j o i n t s .  
The sur face  f i n i s h e s  used on the  vehic les  consis ted of cornbinatims 
of one of two thermal cont ro l  coatings o r  bare  polished metal. 
ex te r io r  surfaces  were coated with the Boeing developed 8-1060 white 
thermal control  coating, The s i n g l e  exception t o  t h i s  w a s  the outer  
surface of the closure deck which w a s  l e f t  as bare  polished metal. A l l  
i n t e r i o r  surfaces  were coated with a Sherwin-Williams f l a t  black thermal 
control  coating. The one exception t o  t h i s  was the  s ing le  s i d e  of the 
heater  box which faced across  the equipment deck enclosure t o  the two 
A l l  
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h e a t e r  canisters. 
r a d i a t i v e  p r o p e r t i e s  of t h e s e  s u r f a c e s  are tabula ted  i n  Appendix A. 
This  s u r f a c e  w a s  a l s o  l e f t  a s  bare  pol i shed  metal .  The 
Mul t i layer  i n s u l a t i o n  b lankets  were used t o  cover t h e  f i v e  exposed 
f a c e s  of the  cubica l  s t r u c t u r e  f o r  t h r e e  of t h e  e i g h t  t e s t s .  The insula- 
t i o n  b l a n k e t s  cons is ted  of ten l a y e r s  of r a d i a t i o n  s h i e l d s  in te rspaced  
with ten l a y e r s  of spacer  material, 
m i l l  s h e e t s  of mylar with a 270 % aluminum f i l m  on both s i d e s .  
spacer  m a t e r i a l  w a s  a coarse  mesh s i l k  n e t  (John Heathcote and Company, 
S t y l e  No. 5-6917). 
The r a d i a t i o n  s h i e l d s  were q u a r t e r  
The 
The blanket  l a y e r s  were bonded toge ther  wi th  a "skip bonding" 
technique which amounts t o  a random spacing of  g lue  drops between l a y e r s .  
The b lankets  were a t tached  t o  the  s p a c e c r a f t  with Velcro hook and p i l e  
tape.  P i l e  t a b s  were bonded t o  t h e  s p a c e c r a f t  t o  mate with hook t a b s  
bonded t o  t h e  blankets .  
Figure 21  shows t h e  uninsula ted  h a l f  model b e s i d e  t h e  i n s u l a t e d  
prototype. The b lanket  j o i n t s  were e s s e n t i a l l y  open j o i n t s  with occas iona l  
Teflon tape  s p l i c i n g  t o  avoid excess ive  s e p a r a t i o n  a t  t h e  j o i n t s  and 
c u r l i n g  of t h e  mylar f i lm.  
Performance of t h i s  i n s u l a t i o n  system had been e s t a b l i s h e d  by a 
s e p a r a t e  sei: Df tests (Reference 60). Radia t ive  p r o p e r t i e s  of t h e  
aluminized mylar and e f f e c t i v e  conduct iv i ty  of t h e  i n s u l a t i o n  systems 
a r e  repor ted  i n  Appendix A. 
I n  Figure 21 a vent  ho le  i n  t h e  h a l f  scale model can be seen. This 
was necessary t o  al low adequate vent ing  of t h e  models during chamber 
pump down. The two small b lack  d i s k s  i n  the  photograph are re ference  
thermocouples used t o  monitor t h e  chamber condi t ions  during t e s t i n g .  
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5.2  Model Instrumentat ion 
... e c i r c u  t diagram f o r  t h e  model h e a t e r s  is shown i n  Figure 22. 
Four regula ted  D.C. power s u p p l i e s  were connected t o  t h e  s p a c e c r a f t  
h e a t e r s .  A decade box with f i x e d  r e s i s t a n c e  was wired i n  series w i t h  
each of t h e  hea ters .  
r e s i s t a n c e s  l e a d  through a switch box t o  a Fluke d i g i t a l  vol tmeter .  
energy di-3ipated by each of t h e  h e a t e r 8  is c a l c u l a t e d  from: 





PD = Power d i s s i p a t e d  
VH = Voltage drop across  t h e  h e a t e r  
VD = Voltage drop a c r o s s  t h e  decade box 
E$, = Decade box r e s i s t a n c e  
The vol tage  taps  across t h e  h e a t e r s  remove t h e  energy d i s s i p a t i o n  i n  
t h e  long l e a d  wires from t h e  c a l c u l a t i o n .  
Twenty chromel-constantan thermocouples (pa i red  wire wi th  a double 
l a y e r  of s t randed  f i b e r g l a s s  i n s u l a t i o n )  were i n s t a l l e d  i n  each of  t h e  
vehic les .  
and number 36 gage wire was used i n  t h e  h a l f  s c a l e  model. A l l  t h e  wires 
were taken from t h e  same spool .  
shown i n  Figure 20. 
Number 32 gage thermocouple wire was used i n  t h e  prototype 
The l o c a t i o n s  of t h e  thermocouples are 
Two a d d i t i o n a l  thermocouples were s taked t o  small aluminum d i s k s  and 
used as  re ference  thermocouples t o  monitor t h e  chamber test condi t ions.  
One d i s k  was t ied i n t o  t h e  chamber ad jacent  t o  and f a c i n g  t h e  shrouded 
cryo-wall. 
faced up i n t o  the s o l a r  beam. 
Y 
The o ther  d i s k  was supported i n  t h e  v i c i n i t y  of t h e  model arid 
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The twenty two thermocouples were c a l i b r a t e d  r e l a t i v e  t o  each o t h e r  
over  a 250'R (139'K) temperature range. 
devia t ion  between t h e  twenty-two thermocouples was 5 0.0002 m i l l i v o l t s ,  
This corresonds t o  a temperature range of - + 0.05'R (2 0.0278'K). 
Over t h i s  range the  maximum 
The re la t ive c a l i b r a t i o n  cons is ted  of f i x i n g  t h e  thermocouples f o r  
the  models on a copper s lug .  
f i x t u r e  and a l l  t h e  wires were checked a g a i n s t  each o t h e r  over t h e  e n t i r e  
test  temperature range. 
from the copper s l u g  t o  the  model, a l l  t h e  thermocouple c i r c u i t r y  f o r  t h e  
r e l a t i v e  c a l i b r a t i o n  was i d e n t i c a l  t o  t h a t  used during t h e  tests. The 
oven and t h e  thermocouple c i r c u i t r y  are shown i n  Figure 23. 
The s l u g  was then p u t  i n  an i n s u l a t e d  oven 
Other than t h e  t r a n s f e r r i n g  of t h e  test j u n c t i o n s  
An absolu te  c a l i b r a t i o n  was conducted on samples of wire from t h e  
same spool  a t  the  Boeing Metrology Laboratory. This c a l i b r a t i o n  h a s  NBS 
t r a c e a b i l i t y  and claims an accuracy of - + 0.04OF (+ - 0.0222%) f o r  any 
p a r t i c u l a r  c a l i b r a t i o n  poin t .  This c a l i b r a t i o n  d a t a  is presented i n  
Table 13. 
TABLE 13. THERMOCOUPLE ABSOLUTE CALIBRATION 
Thermocouple EMF (above i c e  p o i n t )  
Temperature True Actual Correct ion  
(OR) (OF) (m VI (m V) (u VI 
492 32 0 0 
560 100 2.2753 2.2708 
660 200 5.8724 5.8598 
760 300 9,7112 9.6950 






The d i g i t a l  computerized readout  sys tem u t i l i z e d  t o  o b t a i n  t h e  test 
d a t a ,  over the  range of t h e  test temperatures,  has  a d i g i t a l  least  count 
of 0.6'R (0.334OK). 
absolu te  c a l i b r a t i o n  e r r o r  and the spread of the  thermocouple readings  
As t h e  d i g i t a l  least count f a r  overshadowed the  
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obeerved i n  t h e  r e l a t i v e  c a l i b r a t i o n ,  the  s tandard  NBS thermocouple 
c a l i b r a t i o n  curve was used t o  reduce t h e  da ta .  
5.3 Vacuum Chamber and Solar  Simulator Descr ip t ion  
The tests were conducted i n  Chamber B a t  t h e  Boeing Space Environ- 
ment Simulation Laboratory u t i l i z i n g  a &foot  (1.22 meter) s o l a r  simula- 
t o r .  A b a s i c  d e s c r i p t i o n  of space environment s imula t ion  techniquee is 
presented i n  Reference 76 and t h e  Boeing f a c i l i t i e s  are descr ibed i n  
References 7 7  and 78. 
s o l a r  s imula tor  system fol lows.  
A b r i e f  d e s c r i p t i o n  of t h e  B chamber and &foot  
General Description.-  The chamber i s  a v e r t i c i l  c y l i n d e r  1 0  f e e t  
(3.048 m) i n  diameter and 18 f e e t  (5.49 m) high (Figures  24 and 25). The 
top  head contains  the  ion  and subl imat ion pumping systems and suppor ts  
the t c p  and c y l i n d r i c a l  p o r t i o n s  of t h e  cold-wall shroud, t h e  helium cryo- 
pumping a r r a y ,  and t h e  48-inch (122 cm) by 56-inch (142 cm) o f f -ax is  
p a r a b o l i c  co l l imat ing  mirror .  
a r e  contained i n  t h e  chamber s i d e w a l l  and bottom head. 
are usua l ly  mounted on t h e  bottom head and r a i s e d  i n t o  t h e  test zone by 
a hydraul ic  l i f t .  
V i e w  p o r t s  and ins t rumenta t ion  feedthroughs 
Test specimens 
Environmental Simulation.- Vacuum pumping s y s t e m s  connected t o  t h e  
space s imulator  a l low a v a r i e t y  of environmental  condi t ions  t o  be 
e s t a b l i s h e d  from launch pressure  p r o f i l e  t o  long-term ul t ra-high vacuum 
as low as IO-' t o r r .  
Top, s i d e w a l l  and bottom cold-wall zones are cooled by 80 p s i a  
5 2  (5.51 x 10 n/m >, subcooled, single-phase l i q u i d  n i t rogen .  The cold 
walls can absorb a maximum f l u x  d e n s i t y  of 3420 Btu/hr f t  
5 and a t o t a l  of 6.83 x 1 0  
180°R (100'K) a t  t h e  warmest poin t .  
2 2 (1076 w a t t s / m  ) 
Btu/hr (201: k i l o w a t t s )  without  exceeding 
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The s o l a r  system col l imat ing  m i r r o r ,  which r e p r e s e n t s  a devia t ion  
i n  t h e  chamber cold w a l l ,  is  cons t ruc ted  from a 4-inch (10.17 cm) t h i c k  
s l a b  of s t a b i l i z e d  aluminum, The mir ror  is ground, Kannigen n i c k e l  
p l a t e d ,  pol ished,  vacuum aluminized, and then vacuum overcoated with 
SiOx t o  f a c i l i t a t e  c leaning,  Mirror  temperature i s  c o n t r o l l e d  by pa in t -  
ing  t h e  back and edges b lack ,  a l lowing h e a t  flow t o  the  180°R ( lOO°K) 
l i q u i d  n i t r o g e n  walls. 
t o  keep i t  a t  a constant  432OR (240OK) during tests (with sun on o r  o f f ) .  
The same h e a t i n g  sys;em raises mir ror  temperatures above ambient during 
the  chamber w a r m  up t o  prevent condensation. 
The m i r r o r  is e l e c t r i c a l l y  heated from t h e  back 
Solar  Simulator Performance.- S p e c i f i c  performance d e t a i l s  of t h e  
&foot  (1.22 m) s o l a r  s imulator  are expanded i n  t h e  fol lowing paragraphs.  
S o l a r  Work Zone.- The s o l a r  beam is c i r c u l a r  i n  c ross  s e c t i o n ,  
measuring 42 inches (106.8 cm) o r  more a c r o s s  any diameter.  The he ight  
of  t h e  work zone is  96 inches (244 cm), a l l  i n  t h e  zone of "cold b lack  
space." This means t h a t  t h e  specimen cannot see i t s  o m  r e f l e c t i o n  i n  
t h e  of f -ax is  p a r a b o l i c  co l l imator  from any p o s i t i o n  wi th in  t h e  work zone. 
Beam Uniformity.- The beam uniformity i s  2 5 percent  a t  t h e  base and 
upper planes and - + 4 percent  a t  t h e  midpoint.  
the  t e s t  volume is  - + 1 percent .  Beam uniformity i n  t h e  system is con- 
t r o l l e d  by t h e  uniformity of t h e  l i g h t  from t h e  n ine teen  10-inch diameter 
(25.4 cm) "aconic" c o l l e c t o r s  and a seven- len t icu le  f i e l d  and pro jec t ion-  
l e n s  system. 
Change i n  uniformity over  
Solar  I n t e n s i t y . -  Solar  i n t e n s i t y  is c o n t r o l l e d  by varying the  lamp 
c u r r e n t  and number of lamps i n  operat ion.  Up t o  n ine teen  nominal 2500- 
w a t t  Ozram XBO-2500 lamps can be employed. 7hese lamps are operated a t  
up t o  95 amperes cur ren t  by l i g h t  servo-control led,  a l l  s o l i d  s t a t e ,  
2 percent  r i p p l e  power suppl ies .  
pensate  f o r  i n d i v i d u a l  lamp degradat ion and use s p e c i a l  s o l a r  cells  i n  
t h e  feedback loop wh!.ch look p a s t  t h e  c o l l e c t o r  a t  each lamp. 
Light  c o n t r o l  servos are used t o  com- 
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Because l i g h t  s e rvos  are used, t he  t o t a l  sousce l e v e l  is  c o n t r o l l e d  
immediately upon s t a r t i n g  of the  lamps. Arc s t a b i l i z a t i o n  Occui'S w i t h i n  
f i v e  minutes as lamps  warm up, and l i g h t  r i p p l e  i n  t h e  work zone is very 
low (+ - 2 p e r c e n t ) ,  due t o  mixing of n ine t een  lamps and t h e  low-ripple 
SCR power : upp l i e s  used. 
Absolute s o l a r  i n t e n s i t y  is measured ubing s p e c i a l l y  c a l i b r a t e d  
The ou tpu t  is t o t a l  radiometeis ,  Plodel DR-2 b u i l t  by TRW Instruments .  
measured on a d i g i t a l  m i l l i v o l t m e t e r  with a 10-microvolt r e s o l u t i o n .  
Accuracy is 2 3 percent  i n  a i r ,  and the vacuum c a l i b r a t i o n  is determined 
by t r a n s f e r  measurements us4ng a b m a l l  xenon s o l a r  s i m u l a t o r  and a sma l l  
[30-inch by 30-inch (76.2 by 76.2 cn)]  space chanber w i t h  l i q u i d  
n i t r o g e n  cold w a l l s .  
d e t e c t o r  which i s  h a l f  s i l v e r  and h a l f  black.  T!. DR-2 radiometers  do 
n o t  r e q u i r e  water cooling. E igh t  TRW radiometers  and one Bsckmann 
Spectroradiometer Model W139323 are used a t  Boeing as t o z a l  and spec - t r s l  
i r r a d i a n c e  measuring devices .  
The DR-2 radiometer uses  a ha l f -b r idge / t l i e rmis t e r  
Col l imat ion Angle.- The apparent  sun, as viewed from t h e  test zone 
subtends an average h a l f  ang le  of  1.8'. 
S p e c t r a l  Match.-. Table 1 4  r e p r e s e n t s  t h e  t a b u l a t e d  s p e c t r a l  match 
This r ead ing  was made with a of t h e  4-foot s o l a r  sj-mulator system. 
Beckmann double-prism monochrometer using 1P28 and PbS d e t e c t o r s  w i t h  
0.4 mm s l i t  width.  The d a t a  were i n t e g r a t e d  over  s e l e c t e d  bandwidths 
and compared with t h e  N U  d a t a  i n  t h e s e  bands. These d a t a  were re fe renced  
t o  a ZOO-watt NBS s t anda rd  of s p e c t r s l  i r r a d i a n c e  as viewed d i r e c t l y  by 
the  monochrometer. 
Although less than 9 pe rcen t  of t h e  s u n ' s  energy f a l l s  below 4000 
Angstroms, t he  u l t r a v i o l e t  match of any Eimrilator is important  i n  thermal  
balance t e s t i n g .  This is t r u e  s i n c e  almost a l l  u s e f u l  c o a t i n g s  absorb 
s t r o n g l y  i n  t h i s  region bu t  are o f t e n  designed t o  r e f l e c t  i n  t h e  v i s i b l e  




from t r u e  conditions between 0 .25  t o  0.40 microns would produce a g rea t e r  
e r r o r  i n  energy absorbed than would twice the same devia t ion  over ihe 
whole band from 0.45 t o  1.0 micro-. 
The deviat ion i n  spectral match of a s o l a r  s imulator  
5.4 T e s t  Conditions 
The planned t e s t  sequence and nominal hea te r  power l e v e l s  are shown 
i n  Table 15. 
uninsulated and insu la ted  vehicles; .  The ind iv idua l  tests were conceived 
to  allow a de ta i led  examination of t h e  behavior of the experimental 
vehicle  as compared t o  the response of the numerical experiment. 
The test sequence covered a va r i e ty  of cases  f o r  both t h e  
Comparing the numerical and experimental r e s u l t s  f o r  test number 1 
allows an evaluation of the in t e rac t ion  of the  vehic le  w i t h  t h e  cold 
space environment and d i r e c t  s o l a r  i r r ad ia t ion .  
Comparing the  numerical and experimental r e s u l t s  f o r  test number 3 
allows an evaluation of the conduction-radiation d i s s ipa t ion  from the 
heater and an evaluation of conduction paths  i n t e r n a l  t o  the  vehicle .  
Comparing the  numerical and experimental r e s u l t s  f o r  test number 5 
allows an evaluation of the conduction-radiation Interchange i n  
geometrically complex vehic le  enclosure. 
Ccaparing the r e s u l t s  f o r  tests number s i x  and e ight  allows an 
ind i r ec t  evaluation of the  e f f e c t i v e  conductivity of the mul t i layer  
insulatioi!  s y s t e m  under sun-facing and space-facing conditions.  
Comparing the experimental r e s u l t s  of t e s t s  numbers 2 ,  4 and 7 
allows an evaluat ion of thermal s ca l e  modeling of spacecraf t  under complex 
ex terna l  and in t e rna l  environments. 
parison of r e s u l t s  fu r the r  subs t an t i a t e s  t he  a b i l i t y  of numerical methods 
to  model the spacec iaf t  and the i r  environments. 
The numerical and experimental com- 
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I t  w a s  planned t h a t  t h i s  sequence of tests would al low an ordered 
updating of t h e  numerical model a s  w e l l  as demonstrating t h e  c a p a b i l i t i e s  
of thermal s c a l e  modeling over  a wide range of test coiidit ions.  I n  
a c t u a l  p r a c t i c e  t h e  i d e a l i z e d  test condi t ions  can not  b e  m e t  as a r e s u l t  
of p r a c t i c a l  considerat ions.  However an  understanding of t h e  a c t u a l  tes t  
condi t ions  allows a c o r r e c t i o n  of t h e  r e s u l t a n t  d a t a  t o  account f o r  thcad 
devia t ions .  
The power d i s s i p a t e d  by t h e  s p a c e c r a f t  h e a t e r s  during t h e  tes ts  is 
tabula ted  i n  T a b l e  16. The s m a l l  d e v i a t i o n s  from t h e  nominal test  con- 
d i t i o n  a r e  a resul t  of :  
1) i n a b i l i t y  t o  a d j u s t  t h e  power s u p p l i e s  with adequate r e s o l u t i o n ,  
and 
2) t h e  temperature dependent n a t u r e  of t h e  thermal r e s i s t a n c e  which 
allowed a d r i f t  i n  power d i s s i p a t i o n  over t h e  t r a n s i e n t  p o r t i o n  
of the  test. 
The non-uniformity of t h e  s o l a r  beam r e s u l t s  i n  a v a r i a t i o n  i n  a c t u a l  
power input  t o  each of the  e x t e r n a l  s u r f a c e s  from t h a t  of an i d e a l i z e d  
one solar constant  beam. I s o i n t e n s i t y  p l o t s  of t h e  s o l a r  beam were taken 
p r i o r  t o  each tes t .  The i s o i n t e n s i t y  p l o t s  with a p l a n  view of the  space- 
c r a f t  model o v e r l a i d  are shown i n  Figures  26 through 28. 
Figure 26 shows t h e  prototype test condi t ion  f o r  both i n s u l a t e d  and 
uninsulated models. Figures  27 and 28 show t h e  test condi t ions  f o r  the  
uninsulated and i n s u l a t e d  h a l f  scale models, respec t ive ly .  The l a r g e  
d i f f e r e n c e s  i n  i n t e n s i t y  v a r i a t i o n  shown between t h e s e  t h r e e  p l o t s  are 
not  due t o  a normal degradat ion of t h e  beam. Between each of t h e  test 
series represented by t h e s e  t h r e e  s o l a r  p l o t s  o t h e r  tes t  programs were 
conducted. These o ther  programs had s u f f i c i e n t  ou tgass ing  t h a t  mir ror  
contamination r e s u l t e d .  Thus, t h e  co l l imator  mir ror  was removed and 
cleaned and each of t h e  xenon lamps was hdjusted p r i o r  t o  t h e  next  test. 
The i s o i n t e n s i t y  p l o t s  were i n t e g r a t e d  over each e x t e r n a l  s u r f a c e  
node a n i  the  absorbed s o l a r  load  a t  each node was c a l c u l a t e d  using t h e  
89 
D2-121352-1 
sur face  area and s o l a r  absorp t iv i ty  of each node. 
heating rates for each ex te r io r  node have been tabulated i n  Table 17. 
The r e s u l t i n g  s o l a r  
The s c a l e  modeling r e l a t i o n s  requi re  a preservat ion of r a d i a t i v e  
proper t ies  and a uniformity of s o l a r  i n t ens i ty .  Consequently, compromises 
of the sca l ing  c r i t e r i a  have resul ted.  
i n  the s o l a r  f l u x  input  only results i n  a one-two percent v a r i a t i o n  i n  
the  ove ra l l  vehic le  temperature. 
However, a f i v e  percent  v a r i a t i o n  
In  summary, i t  is fe l t  t h a t  the sca l ing  c r i t e r i a  compromise r e su l t -  
ing from the i n t e r n a l  hea te rs  and the ex terna l  s o l a r  source w i l l  produce 
a negl ig ib le  e f f e c t  when the  measured temperatures are compared. 
Figure 29 shows the  prototype vehic le  suspended i n  the  chamber. The 
thermocouple and hea ter  l eads  can be seen a t  the  veh ic l e  base. 
chevroned l i q u i d  nitrogen w a l l  is a l s o  v is ib le .  
The 
Figure 30 is a view of the  prototype i n  the  chamber during the  test 
with the  sun on. 
b o l t  heads is e a s i l y  v i s ib l e .  
is a l s o  noticeable.  
I l luminat ion,  r e f l e c t i o n ,  and shadowing of and by the 
Shadwing of t he  chamber base by the  model 
Figure 31 shows the half  s c a l e  model suspendrJ from a frame mounted 
on the chamber base. After t he  prototype tests it  w a s  decided t o  mount 
the  ha l f  scale model from the base i n  order  t o  s implify mounting i n  the 
chamber and t o  ease access t o  the  m o d e l .  
Figure 32 shows the  half  scale model i n  the  chamber during tes t ing .  
I n  the f igu re  the s o l a r  r e f l e c t i o n  from the over extended base back onto 
the model s t r u c t u r e  is strongly evident.  Solar i l luminat ion of the 




The t rans ien t  r e s u l t s  f o r  one of the tests were l o s t .  Durixq pro- 
totype test number four  the  helium shroud ruptured causing a shutdown 
i n  the test conditions u n t i l  the  l e a k  was located and repaired.  
than open the chamber, the  helium shrouu was back-pumped and the  test 
continued. This, however, caused a two hour d is rupt ion  of the t r ans i en t  
r e su l t s .  
Rather 
The t r ans i en t  and steady state results f o r  these tests are presented 






































Tab1 e 10 : STRUCTURAL ELEMENTS 
-I 
MODEL MATERIAL GAGE 
f 4 
PROTOTYPE 6061-T6 0.0625 





MODEL MATERIAL GAGE 
f 1 
PROTOTYPE 6061-T6 0 . 1 2 5  





* BTU/HR FT'R 
** DIMENSIONS I N  INCHES 
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HEATER SHELL - 
MODEL MATERIAL A B C 
PROTOTYPE 6061-T6 6 . 0  3 . 0  0.125 
HALF SCALE 7075-T6 3.0 1 . 5  0.040 
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Model Material Gage A B C D 
Pro to type 7075-T6 0.0625 8.0 4.0 3.0 0.75 
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iieating El?ments -I 
Thermocouple Calibration Oven 
(Approximately 30" Long x 4" Diameter) 
K- 3 Null 
Potentiometer I rd i ca to r  
Insulation 
Section A-A 
















Figl;r, 25: SCHEMATIC OF BOEING SPACE ENVIRONMENT 
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TABLE 15. TEST SEQUENCE 
Prototype 
on 
O f f  
O f f  
120.0* 




















H a l f  Scale 
on 
O f f  
on 
30.0 




















* Heater power levels (Btu/hr) 
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TABLE 16. EIPERIMENTAZ, HEATER POWER 















































* P = Prototype Vehicle 
H - Half Scale Vehicle 
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Node/Thennocouple No. 59 
S 
A-1200 Solar Simulator 
Pretest Calibration 5-12-69 
35.0 Inches Above B a s e  P l a n e  
Spectral Distribution 
0.25 - 0 . 4 0 ~  - 115.8 wat t s /m2  
0 .40  - 0 . 7 0 ~  - 496.9 watts /m2 
0.70 - 2 . 5 0 ~  - 733.6 watts/m2 
ter 
-W 
Figure 26: SOLAR SIMULATOR ISOINTENSITY PLOT 
OVERLAID BY PROTOTYPE PLAN VIEW 
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Node/Thermocouple No. 59 s 
E- 
A-1200 Solar Simulator 
Pretest Calibration 6-6-69 
24.0 inches Above Bass Plane 
'..'.. t .  -2 ??: SOLAR SIMULATOR I S O I N T E N S I T Y  PLOT OVERLAID 
BY HALF SCALE MODEL PLAN VIEW 
105 
D2-1213S2-1 




4-12 Solar Simulator 
Pretest Calibration 6-26-69 
24.0 Inches h o v e  Base Plate 
Figure 28: SOLAR SIMULATOR ISOINTENSITY PLOT OVERLAID . 
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TABLE 17. EXPERIMENTAL SOLAR LOADS 























































Pro t o  type 
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6.0 NUMERICAL ANALYSIS 
There are several reasons f o r  the  subs t an t i a l  numerical ana lys i s  
which has been performed f o r  these vehic le  configurations.  
comparison of ana lys i s  and experiment allows a b e t t e r  understanding of 
the accuracy and l imi t a t ions  of numerical techniques. 
numerical model can be used t o  correct  experimentally obtained tempera- 
t u re s  f o r  known compromises of the  sca l ing  criteria. Final ly ,  a v e r i f i e d  
numerical model can be quickly "tested" f o r  many environnental  s i t u a t i o n s  
while ac tua l  chamber t e s t ing  is expensive, time consuming, and is o f t en  
F i r s t ,  a 
Second, the 
unable t o  provide the  desired ex terna l  environmental heat loads. 
This sec t ion  w i l l  discus, the nodal network system of thermal 
ana lys i s  , the Boeing computer programs u t i l i z e d  t o  perform the calcula- 
t ions ,  and the nodal models es tab l i shed  f o r  the vehic les  and the  space 
simulation chamber. 
6.1 Thermal Analysis 
6.1.1 Network Thermal Analysis Technique.- Network thermal analysis 
(References 79-82) reduces t o  a node by node so lu t ion  of the general  
energy equation as applied t o  each node and its in t e rac t ion  with adjacent 
nodes. 
. ,  _.. 
The energy equation f o r  d i s c r e t e  nodal ana lys i s  can be wr i t ten  as: 
Numerical values f o r  the  various terms a r e  calculated as follows: 
1)  Node thermal capacitance f o r  t r ans i en t  ca lcu la t ions  is defined 
as 




C, = node t h e m 1  capacitance 
A 
pi - temperature dependent 
Vi = nodal volume 
c = temperature dependent 
P i  
denclity 
thermal capaci ty  
2) Source terms (St) a t  the  Individual  nodes are a r e s u l t  of e i t h e r  
i n t e rna l ly  d iss ipa ted  energy or energy absorbed by the  e x t e r i o r  
surfaces  as a r e s u l t  of inc ident  so l a r ,  albedo, o r  p lane t  shine 
fluxes.  
Conduction connectors between nodes i and j have a conductance 
defined as 
3) 
M K I- 
i9 Lij  
(84) 
where : 




i j  
= temperature dependent thermal conductivity of the  material 
= cross-sectional area of t he  conduction path 
= length of t he  conduction path 
i j  
4) Radiation connectors between nodes i and j have a rad ian t  
exchange coef f ic ien t  defined as 
where: 
s -  




F -  
13 
P - Ai i j  
rad ia t ion  conductance 
S te f an-Bo1 t zmann cons tan t 
nodal sur face  area 
rad ia t ion  interchange f ac to r  
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The energy equation f o r  each node is evaluated n m e r i c a l l y  by a 
thermal analyzer program. 
temperature and/or t i m e  dependent funct ionale)  of Equation 82 must be 
provided t o  the  program i n  order  t o  obta in  a so lu t ion  f o r  temperature 
d i s t r ibu t ion  i n  the s t ruc tu re .  
The coe f f i c i en t s  ( e i t h e r  as constants  o r  
From t h e  geometry and cons t i tuent  materials of t he  s t r u c t u r e  t h e  
conductance and capacitance terms can be  evaluated. 
change f ac to r  program u t i l i z e s  the  r a d i a t i v e  p rope r t i e s  of the materials 
and the configuration geometry to  eva lua te  the r ad ia t ion  interchange 
fac tor .  
coll imated s o l a r  energy, t he  r ad ia t ion  interchange f a c t o r  program was 
a l s o  used t o  evaluate  s o l a r  f luxes  inc ident  on the  e x t e r i o r  nodes. 
A r ad ia t ion  in t e r -  
As the  ex terna l  environment f o r  these tests consis ted only of 
The following paragraphs b r i e f l y  described pe r t inen t  f ea tu re s  of t h e  
Boeing Radiative Interchange Factor Program and t h e  Boeing Thermal 
Analyzer Program which were used t o  p e r f o m  the  ninrerical ca l cu la t ions  
reported i n  t h i s  study . 
6.1.2 The Boeing Radiative Interchange Factor Program.- The 
Thermal Radiative Interchange Factor Program (References 84 and 85) is a 
Monte Carlo program f o r  the ca lcu la t ion  of rad ian t  interchange f a c t o r s  
among a set of surfaces  i n  a vacuum (or a radi2':ively non-participating 
medium). 
and nodal o r  viewing surfaces .  The primar] si .rfaces are complete paral- 
lelograms, trapezoids d i s c s ,  spheres  skewr d cy l inders ,  and cones. The 
nodal surfaces  are sec to r s  of t he  primary sur faces  def inable  i n  terms of 
their  na tura l  coordinates,  as ind ica ted  st:hema* i c a l l y  i n  Figure 22 (i!e. 
a nodal sur face  af a sphere is t he  domain betw ten any two p a r a l l e l s  and 
any two meridians; axial o r i en ta t ion  of the sphere is a r b i t r a r y ) .  A 
s ing le  nodal surface may comprise a complete primary surface.  Alterna- 
t i v e l y ,  one o r  more nodal Surfaces may completely o r  incompletely cover 
a primary surface.  
This surface geometry is described i:- terms of primary sur faces  
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The nodal surfaces  are the  physical ly  meaningful sur faces  t r ea t ed  
i n  the  analysis .  
system (i.e., nodal sur faces  defined a8 segments of primary sur faces) ,  
as opposed t o  the completely independent d e f i n i t i o n  of each nodal 
surf  ace a re  three-fold. 
The reasons f o r  adopting t h i s  geometric d e f i n i t i o n  
F i r s t ,  t h i s  system of geometric d e f i n i t i o n  reduces the  amount of 
information necesrary t o  descr ibe system geometry and therefore  eases 
storage requirements. Second, input  e f f o r t  and chances of input e r r o r  
are reduced. Third, machine t i m e  requirements are reduced. These advan- 
tages become very grea t  when the  average number of nodal sur faces  p e r  
primary surface is l a rge  (as i n  a tankage enclosure where a s m a l l  group 
of spheres and cy l inders  are subdivided i n t o  many nodes). When the  
average number nodal sur faces  per  primary sur face  approaches uni ty ,  the 
advantages vanish. 
de f in i t i on  system incurs no disadvantage r e l a t i v e  t o  a l t e r n a t i v e  s y s t n a s .  
However, even then the  primary and nodal sur face  
For whatever system of nodal sur faces  is input ,  a matrix of i n t e r -  
change f a c t o r s ,  F or  the equivalent ,  can be computed d i r e c t l y  an the  
bas i s  of Seban' s specular-dif f use model. Al te rna t ive ly  , F can be i J  
determined 
using t h i s  
r e f l ec t ion  
F if 
approximately from a matr ix  
program. I n  the  absence of 
components, Pi, reduces t o  
A J  
of exchange f ac to r s  E computed 
non-black sur faces  and specular  
t he  geometric view f a c t o r  matrix 
i j  
The underlying theory of these ca lcu la t ions  has been covered i n  
d e t a i l  elsewhere (Reference 84) and w i l l  be only b r i e f l y  discussed here.  
Energy is emitted from a node a s  a d i s c r e t e  p a r t i c l e  with a given 
Two random numbers are chosen t o  determine the point of energy leve l .  
emission on the nodal surface.  The random numbers are chosen from a 
uniform d i s t r i b u t i o n  which eventually r e s u l t s  i n  a uniform d i s t r i b u t i o n  
of emission points  on the  nodal surface.  
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W o  a d d i t i o n a l  random numbers are chosen t o  determine t h e  d i r e c t i o n  
(azimuth and p o l a r  angle)  of emission. 
p a r t i c l e s  w i l l  r e s u l t  i n  a Lambertion d i s t r i b u t ' o n  of emi t ted  energy from 
t h e  sur face .  
A s u f f i c i e n t  number of emi t ted  
The emi t ted  p a r t i c l e  is  now followed i n  i t s  pa th  through t h e  enclo- 
sure .  As i t  s t r i k e s  a s u r f a c e  i n  t h e  enc losure  a random number i s  
generated and checked a g a i n s t  t h e  a b s o r p t i v i t y ,  r e f l e c t i v i t y  and t rans-  
m i  t tance of  each s u r f  ace. 
The t a l l y  scheme obeys t h e  fol lowing r u l e :  
A V = a  V i f V > a  - 
i f  V < a and R a AV = V 
Ai' * 0 i f  V < a a n d R > a  
- 
where : 
AV i s  t h e  energy increment t a l l i e d  on each s u r f a c e  s t r u c k  
V is the energy remaining i n  t h e  photon a t  each i n s t a n t  
R i s  a raadom number s e l e c t e d  a t  each s u r f a c e  i n t e r s e c t i o n  
I f  p a r t i a l  absorpt ion o r  no absorp t ion  occurs  [cases  (a )  and ( c ) ]  
a t  t h e  s u r f a c e  then t h e  random number is used t o  determine t h e  mode of 
r e f l e c t i o n  ( specular  o r  d i f f u s e )  o r  t ransmiss ion  ( s t r a i g h t  through o r  
d i f f u s e )  . 
The energy bundle i s  followed around t h e  enclosure u n t i l  its pa th  
is termined by: 
1 )  t o t a l  absorp t ion  of t h e  remaining energy, 
2) escape t o  space from t h e  enc losure ,  or 
3) a r b i t r a r y  terminat ion a f t e r  s u f f i c i e n t  p a r t i a l  absorp t ions  t h a t  
t h e  energy remaining is a small f r a c t i o n  of the  i n i t i a l l y  
emi t ted  energy l e v e l .  
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The r a d i a t i v e  interchange f a c t o r s  are taken as t h e  sum of t h e  energy 
absorbed by each r e c e i v i n g  node d iv ided  by t h e  t o t a l  energy r a d i a t e d  by 
t h e  e m i t t i n g  node. 
This t a l l y  scheme has zero sys temat ic  e r r o r  (assuming a "perfect"  
set  of uniformly d i s t r i b u t e d  random numbers) and a random e r r o r  which 
decreases  as t h e  number of energy bundles emi t ted  i n c r e a s e s .  
Many s p e c i a l  f e a t u r e s  have been incorporated i n t o  t h e  Boeing Radia- 
t i v e  Interchange Factor  Program. 
References 84 and 85 but  those o p t i o n s  u t i l i z e d  i n  t h i s  s tudy  w i l l  be  
noted below. 
These a r e  descr ibed  i n  d e t a i l  i n  
One subrout ine causes a s u r f a c e  t o  emit uniform and co l l imated  
rad ia t ion .  This a l lows any of t h e  plarte primary s u r f a c e s  t o  be used a s  
an  emitter t o  s i m u l a t e  s o l a r  i r r a d i a t i o n .  
The program has  t h e  c a p a b i l i t y  t o  handle  c a l c u l a t i o n s  a t  two wave- 
lengths .  I n  genera l  usage t h i s  allows simultaneous c a l c u l a t i o n s  a t  
i n t e g r a t e d  s o l a r  and i n f r a r e d  wavelengths. 
The col l imated emission r o u t i n e  was used t o  s imulated solar 
i r r a d i a t i o n  of the  test vehic les .  Adsorption a t  each of t h e  e x t e r n a l  
nodes w a s  c a l c u l a t e d  as a h e a t i n g  rate and input  t o  t h e  thermal ana lyzer  
as a source term. 
The r a d i a t i v e  interchange f a c t o r s  are i n p u t  t o  t h e  thermal analyzer  
program as t h e  c o e f f i c i e n t s  f o r  t h e  r a d i a t i o n  connectors between nodes. 
6.1.3 The Boeing Thermal Analyzer Program.- Analysis of t h e  thermal 
model started with t h e  development of a d i s c r e t i z e d  thermal network. 
A l l  s i g n i f i c a n t  thermophysical p r o p e r t i e s  and h e a t  t r a n s f e r  modes have 
been represented.  
Areas with uniform thermal p r o p e r t i e s  and uniform i n t e r a c t i o n s  wi th  the  
s y s t e m  boundary condi t ions  ( i n s u l a t i o n  o r  i n t e r n a l  h e a t  genera t ion)  were 
used. 
Isothermal  areas a r e  genera l ly  s e l e c t e d  as nodes. 
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The Boeing Engineering Thermal Analyzer program w i l l  b e  used t o  
reduce t h e  thermal a n a l y s i s  network and i t s  time varying boundary con- 
d i t i o n s  t o  a node by node temperature h i s t o r y  of t h e  model. 
is descr ibed i n  Reference 86. 
This  program 
The program uses  r e l a x a t i o n  techniques t o  compute equi l ibr ium 
temperatures and fcrward d i f f e r e n c i n g  w i t h  r e f i n e d  t i m e  s t e p  c o n t r o l  t o  
compute transient temperatures.  P e r t i n e n t  c a p a b i l i t i e s  of t h e  program 
a r e  : 
1 )  Temperature dependent conductors may be used t o  r e p r e s e n t  
material wi th  v a r i a b l e  conduct iv i ty .  
Radiation conductors which vary with  t h e  temperature of 
emit t ing-receiving s u r f a c e s  can b e  used. 




The Boeing Thermal Analyzer is  comparable t o  t h e  NASA CINDA 3G 
Program i n  b a s i c  c a p a b i l i t y ,  
l i b r a r y  a v a i l a b l e  with CINDA which g ives  increased g e n e r a l i t y  b u t  r e s u l t s  
i n  a reduct ion i n  maximum problem s i z e .  
The major d i f f e r e n c e  is the  l a r g e  subrout ine  
6.2 The Nodal Model 
Numerical modeling o f  t h e  experiment r e q u i r e s  modeling not  on ly  of 
t h e  v e h i c l e  b u t  modeling of t h e  space s imula t ion  chamber as w e l l .  The 
f i n i t e  s ize  of t h e  chamber and i ts  non-black c h a r a c t e r  a l low i n t e r -  
a c t i o n s  which are n o t  present  under space condi t ions.  S o l a r  beam 
r e f l e c t i o n s  and r e f l e c t i o n s  of v e h i c l e  emi t ted  energy back onto t h e  
v e h i c l e  f o r c e  a cons idera t ion  of t h e  chamber i n  t h e  numerical  model. 
Numerical modeling involves  d i v i d i n g  t h e  v e h i c l e  i n t o  a f i n i t e  number 
Each node being i d e a l l y  an isothermal  element of volume. of nodes. 
nodes a re  connected t o  each o t h e r  by conduction and r a d i a t i o n  paths .  The 
The 
presence of a gas i n  roduces a d d i t i o n a l  convection paths  which were n o t  
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present  i n  t h i s  study. 
acurately the numerical eo lu t ion  approaches an anhly t ic  so lu t ion  t o  the 
governing d i f f e r e n t i a l  equations. 
The g rea t e r  the number of nodes, the  more 
In actual p rac t i ce  two nodal models a r e  used, The de ta i l ed  nodal 
model is used f o r  thermal analysis  while a s impl i f ied  model is used t o  
determine the coe f f i c i en t s  f o r  r ad ia t ion  interchange between surfaces .  
As conductivity is not a considerat ion i n  these l a t t e r  ca lcu la t ions ,  
only those nodes which have s ign i f i can t  sur face  areas or high tempera- 
t u re s  must be considered. S t ruc tu ra l  elements of high conductance but  
minimal surface area, fo r  example, the  s t r u c t u r a l  frame used i n  t h i s  
study, can be omitted from the  r ad ia t ion  nodal network with a neg l ig ib l e  
e f f e c t  on t h e  f i n a l  thermal analysis .  
Figures 34 and 35 show the  nodal subdivision of t he  model used t o  
compute the rad ia t ion  interchange f ac to r s .  
subdivision of the vacuum chamber and s o l a r  coll imating mirror.  
s o l a r  coll imating mirror  is approximated by a disk.  
change f ac to r  program options allows emission normal t o  the  emitter 
surface.  This allows a d isk  t o  emit a coll imated beam of energy t o  
simulate a s o l a r  source. 
Figure 36 shows, the nodal 
The 
One of the in t e r -  
The r ad ia t ive  proper t ies  of t he  spacecraf t  surfaces  are presented 
i n  Appendix A. 
(both f l a t  end surfaces  and chevroned cy l ind r i ca l  shroud are presented 
i n  Table 18. 
The r ad ia t ive  proper t ies  of the  space chamber walls 





0.94  0.98 
0.88 0.94 
The matrix of rad ia t ion  interchange f a c t o r s  f o r  the uninsulated 
spacecraf t is  presented i n  Appendix B , 
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To s imula t e  t h e  i n s u l a t e d  s p a c e c r a f t  c o n f i g u r a t i o n ,  o':her nodal 
s u r f a c e s  are def ined over  t h e  i n s u l a t e d  s u r f a c e s .  These s u r f a c e s  have 
t h e  r s d i a t i v e  p r o p e r t i e s  of aluminized mylar and r e p r e s e n t  t h e  o u t e r  
layer  of i n s u l a t i o n .  The matrix of r a d i a t i o n  in t e rchange  f a c t o r s  f o r  
t h e  i n s u l a t e d  s p a c e c r a f t  con f igu ra t ion  i s  p resen ted  i n  Appendix C. 
The r a d i a t i o n  interchange f a c t o r s  p re sen ted  i n  Appendices B and C 
are i n p u t  t o  a network thermal a n a l y s i s  as t h e  c o e f f i c i e n t s  of r a d i a n t  
exchange between nodes. 
network e s t a b l i s h e d  f o r  thermal a n a l y s i s .  I n  a d d i t i o n  t o  t k z s e  nodes 
e x i s t i n g  f o r  t h e  r a d i a t i o n  interchange a n a l y s i s ,  56 nodes (ni.t: b e r s  1-56) 
have been def ined over  t h e  s t r u c t u r a l  f r i d e .  
Figures  37 and 38 show t h e  d e t a i l e d  nodal  
The conduction connectors  between t h e s e  nodes have been d e t a i l e d  i n  
Figures  39 through 4 5 .  Conductors i n  t h e  s t r u c t u r a l  frame and s k i n  
panels  are shown i n  Figures  39 through 4 3 .  Conductors i n  t h e  h e a t e r  
c a n i s t e r s  and t h e  h e a t e r  box are shown i n  Figures  44 and 45, r e s p e c t i v e l y .  
I n  the cases where m u l t i l a y e r  i n s u l a t i o n  b l a n k e t s  have bpen added 
t o  t h e  v e h i c l e  s t r u c t u r e ,  nodes r e p r e s e n t i n g  t h e  b l a n k e t  have been added 
over the  s k i n  pane l  nodes covered by i n s u l a t i o n .  
change f a c t o r s  f o r  the i n s u l a t e d  s p a c e c r a f t  are p resen ted  i n  Appendix C. 
Conductors have a l s o  been added between t h e  s k i n  nodes and t h e  i n s u l a t i o n  
nodes. 
The r a d i a t i o n  i n t c r -  
An energy balance on the  i n s u l a t i o n  c o n s i s t s  of a n  e f f e c t i v e  con- 
ductance through t h e  i n s u l a t i o n  t o  t he  s k i n  pane l s  below and r a d i a t i o n  t o  
space based on the  r a d i a t i o n  p r o p e r t i e s  of t h e  o u t e r  l a y e r  of i n s u l a t i o n  
The e f f e c t i v e  conductance was experimental ly  eva lua ted  f o r  similar b l a n k e t  
conf igu ra t ions  and i s  presented i n  Appendix A. 
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Segments of Parallelograms 
Segments of Discs 
Segments of Trapezoids 
\ Segments of Spheres 
Segments of Cylinders Segments of Cones 
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Figure 41: THERMAL ANALYZER CONDUCTOR NOMENCLATURE---BASE DECK 
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F igure  42: THERMAL ANALYZER CONDUCTOR NOMENCLATURE---EQUIPMENT DECK 
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Figure 43: THERMAL ANALYZER CONDUCTOR NOMENCLATURE---CLOSURE DECK 
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Figure 45: THERMAL ANALYZER CONDUCTOR NOMENCLATURE---HEATER BOX 
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7.0 DISCUSSION OF RESULTS 
A t  t h e  completion of t h i s  s t u d y ,  f o u r  sets of r e s u l t s  were avail- 
a b l e  f o r  comparison; numerical and experimencal d a t a  ( s t eady  siate and 
t r a n s i e n t )  f o r  both t h e  p ro to type  and h a l f  scale v e h i c l e s .  The d i s -  
cussion of t h e s e  r e s u l t s  w i l l  be  subdivided i n t o  two major s e c t i o n s ;  
s t eady  s t a t e  and t r a n s i e n t .  The t r a n s i e n t  r e s u l t s  w i l l  be pr r sen  ed 
b r i e f l y  while  considezably g r e a t e r  emphasis w i l l  be placed on t h e  s t e a d y  
s ta te  results.  
7.1 Steady S t a t e  R e s u l t s  
The s teady s ta te  r e s u l t s  are compared and d i scussed  i n  t h e  !allowing 
fashion.  Steady s t a t e  numerical  and corresponding experimzntal  r e s u l t -  
f o r  each of t h e  v e h i c l e  t e s t s  are compared t o  show t h e  accuracy of 
numerical  c a l c u l a t i o n s .  S'eady s t a t e  experimental  r e s u l t s  f o r  Loth 
v e h i c l e s  are compared t o  show t h e  accuracy of s c a l e  mcdeli3g techniques.  
In a d d i t i o n ,  the h a l f  s c a l e  numerical  resul ts  have been recomputed t o  
account f o r  known compromises of t h e  s c a l i n g  c r i t e r i a  i n  t h e  h a l f  s c a l e  
model. The i e s u l t i n g  two sets of h a l f  s c a l e  mmeric*, l  data  are then 
u s e d  to a d j u s t  t h e  h a l f  s c a l e  experimelital  d a t a .  This ad jus t ed  expect- 
mental  d a t a  i s  compared with t h e  p ro to type  experiment t o  i l l u s t r g t e  the  
advantage of using numerical  techniques t o  I .<rr - ' .  exyerjmental  da ._ 
7 .1 .1  Comparison of Nunerical Experimental Resu l t s .  - A t a b u l a t e d  
comparison irf t h e  n m e r i c a l  and experimental  r e s u l t s  f o r  t h e  na l f  scale 
and p ro tc type  test sequences +..re p re sen ted  i n  Tables 19  through 34. 
t a b l e  p r e s e n t s  t h e  r e s u l t s  of a s i n g l e  t es t  on t h e  p a r t i c u l a r  v e h i c l e  
i d e n t i f i e d  . 
Each 
The f i r s t  column i d e n t i f i e s  t h e  nodeithermocouple design*.tfon and 
g ives  a gene ra l  i dea  of i t s  l o c a t i o n .  The next  two columns p r e s e n t  t he  
experimental ly  measured and numerical ly  computed temperatures  f o r  each 
node, The f i n a l  two coliimns t a l l y  t h e  d i f f e r e n t i a l  temperature  between 
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analys is  and experiment and the r a t i o  of the experimental t o  ai . l y t i c  
temperatures, respectively.  
The r a t i o s  of experimental t o  a n a l y t i c  temperatures have been 
sunrmarized i n  Figures 46 t o  49. Here they are p lo t t ed  i n  ha l f  percent 
increments and separated t o  show uninsulated and insulated,  ha l f  scale 
and prototype results, respect ively.  Additionally,  Figures 46 and 47 
have the r e s u l t s  of test number three separoted from the remaining 
unlnsulated test results. 
The examination of the  r e s u l t s  i n  t h i s  fashion has lead  t o  a number 
of ob. ervat ions which are s ign i f i can t  i n  terms of achieving the  goals  of 
t h i s  study. 
by item b a s i s .  
A discussion of these poin ts  of i n t e r e s t  follow on an item 
Examinatic- of Figures 46 and 47 show t h a t  both the prototype and 
half  scale model have a 5-112 percent systemati-  e r r o r  f o r  test number 3. 
Test number 3 w a s  a prolonged cold sosk with only a s i n g l e  hea ter  
operating. The mean steady state temperature w a s  on the order  of 270°R 
(150°K) i n  both cases. A isexamination of t he  emissivi ty  of the  B-1060 
white thermal control  coating indicated a s t rong  temperature dependency 
a t  low temperatures. 
t h i s  low temperature. 
The emissivi ty  w a s  subsequently measured as 0.7 a t  
Examination of the  temperature d i s t r ibu t ions  across  the  base deck 
(Tables 19 through 34) ind ica tes  temperature d i f fe rences  as g rea t  as 
4SoR (25OK) i n  a region assumed isothermal and represented by a s i n g l e  
node i n  the numerical analysis .  
have been considerably more detai led.  
The noding i n  the  base deck should 
Examination of the  temperature d i s t r i b u t i o n s  on the hea ter  canisters 
and hea ter  box when those hea ters  are operatinq (Tables 20 through 22 and 
25 through 27) ind ica tes  t h a t  the hea ter  temperatures are being poorly 
predicted.  
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The h e a t e r  core  is noded as a s i n g l e  lumped no& as shown i n  t h e  
sketch below: 
84 8 4  
Heater 




Present  Yore R e a l i s t i c  
Nodal Model Soda1 Node1 
The problem appears  t o  be one of o b t a i n i n g  t h e  c o r r e c t  balance of 
r a d i a t i o n  and conduction f l u x e s  between t h e  h e a t e r  i t s e l f  and the  h e a t e r  
s h e l l .  The p r e s e n t  nodal model o p e r a t e s  a t  a lower average heater c o r e  
temperature than the  core s u r f  ace which r a d i a t e s  predominately t o  the  
c y l i n d r i c a l  po r t ion  of t h e  surrounding s h e l l .  This nodal model t hus  
f o r c e s  more energy around the  s h e l l  (nodal  pa th  84-84-85-57) than occi1rs 
i n  t h e  actual  conf igu ra t ion .  The more r e a l i s t i c  nodal model shown would 
tend t o  c o r r e c t  t h i s  problem. 
An examination of t h e  r e s u l t s  f o r  nodes 79 and 81 on t h e  ex te r i i a l  
s k i n  (on the  sun f a c i n g  upper c losu re )  as shown i n  Tables 19 through 23 
i n d i c a t e s  r e l a t j v e l y  high temperatures  p r e d i c t e d  by a n a l y s i s  ove r  t h e  
experimental ly  determined r e s u l t s .  This i s  due t o  inaccurac i e s  i n  t h e  
experimental ly  determined va lue  of s o l a r  a b s o r p t i v i t y  f o r  t h e  ba re  
a l u m i n u m  s u r f  ace. 
These h ighe r  temperatures  are n o t  found i n  t h e  p ro to type  r e s u l t s  
(Tables 24 through 27)  as t h e  value of s o l a r  a b s o r p t i v i t y  used i n  t h a t  
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analysis  was back calculated from the  ana lys i s  r e s u l t s  as necessary t o  
force agreement with the  experiment. 
Figures 48 and 49 show a comparison of da t a  f o r  the insu la ted  ha l f  
s ca l e  and prototype vehic les ,  respect ively.  
appears due to  inaccuracies i n  the value of e f f ec t ive  conductivity 
u t i l i z e d  f o r  the  mul t i layer  insu la t ion  i n  t'le ca lcu la t ions .  
and more uniformly d i s t r ibu ted  range of d i f fe rences  is probably due t o  
differences i n  e f f ec t ive  conductivity pa r t i cu la r ly  i n  the widely d i f f e r -  
ing cases here  of s o l a r  i l luminat ion of hor izonta l  blankets  and space 
facing v e r t i c a l  blankets  . 
The systematic e r r o r  here  
The g rea t e r  
In  general ,  these  problem areas located as a r e s u l t  of numerical 
and experimental canparisons can be r e c t i f i e d  i n  the analysis .  
experimental work i n  the form of component t e s t i n g  can be performed to:  
More 
1)  determine temperature dependency of emissivi ty  of thermal 
control  coat ings,  
determine s o l a r  absorp t iv i ty  of aluminum surfaces  more 
accurately,  and 
determine e f f ec t ive  conductivity of mul t i layer  i n su la t ion  
blankets both under sun facing and space fac ing  conditions. 
2 )  
3) 
The model can be noded i n  more d e t a i l  p a r t i c u l a r l y  i n  the  areas o f :  
1)  
2 )  
se lec t ing  isothermal-nodes more carefu l ly  and 
noding c r i t i c a l  hea te r  elements, so as t o  a allow a r ad ia t ion /  
conduction balance which has a more accura te  physical  bas i s .  
While i t  is  f e l t  t h a t  these modifications i n  t h e  a n a l y t i c  scheme 
would grea t ly  improve the r e s u l t s ,  t i m e  w a s  lacking f o r  t h i s  de t a i l ed  a 
reconsideration of the analysis .  However, t he  r e s u l t s  are good f o r  t he  
uninsulated tests which show a standard deviat ion on le order  of 
2 percent. The insulated vehicle  tests indica te  a -ghtly g rea t e r  
standard deviat ion of 3 percent.  
fo r  the l e v e l  of d e t a i l  t o  which the models were noded. 
Certainly an acceptable range of e r r o r  
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7.1.2 Comparison of t h e  Experimental R e s u l t s . -  A t abula ted  com- 
par i son  of t h e  experimental  r e s u l t s  f o r  t h e  h a l f  s c a l e  and pro to type  
v e h i c l e s  a r e  presented i n  Tables 35 through 42. Each t a b l e  p r e s e n t s  the  
r e s u l t s  of a s i n g l e  t e s t  on both v e h i c l e s .  The t a b l e  format is  arranged 
as i n  t h e  previous s e c t i o n .  
The r a t i o s  of the h a l f  s c a l e l p r o t o t y p e  temperatures  have been 
suqmarized i n  Figures  50 and 51. 
increments and separa ted  t o  show uninsula ted  and i n s u l a t e d  model r e s u l t s .  
Fron the  f i g u r e s  it is evident  t h a t  t h e  c o r r e l a c i o n  between t h e  s c a l e  
model and prototype uninsula ted  tes t  r e s u l t s  i s  b e t t e r  than t h e  c o r r e l a -  
t i o n  between numerical and experimental  r e s u l t s .  This is mainly due t o  
the i n a b i l i t y  of t h e  numerical  models t o  represent  the p h y s i c a l  r e a l i t y  
of th.2 experimental  models which inc ludes  : 
Again they are p l o t t e d  i n  h a l f  percent  
1 )  temperature dependence of thermal c o n t r o l  coa t ings  r a d i a t i v e  
p r o p e r t i e s  and 
2) an equivalent  continuous model r a t h e r  than the  d i s c r e t e  nodal 
a n a l y s i s  model. 
A l l  of the  h a l f  scale d a t a  p o i n t s  p r e d i c t  the  prototype d a t a  w i t h i n  
2 percent  except f o r  t h e  two nodes (numbers 79 and 81) on t h e  b a r e  alumi- 
num sun fac ing  upper c l o s u r e  sur face .  Here, d i f f e r e n c e s  on t h e  brder  of  
2 t o  4 percent  r e s u l t  from a l a c k  of p r e s e r v a t i o n  of t h e  r a d i a t i v e  
p r o p e r t i e s  of t h e  m a t e r i a l s .  The s o l a r  a b s o r p t i v i t i e s  of t h e  t w o  
materials are tabula ted  i n  Appendix A. 
a s  a r e s u l t  of v a r i a b l e  temperature dependence of  thermal conduct iv i ty ,  
and the  use of aluminum s i l ica te  f o r  t h e  h e a t e r  cores  i n  both models 
have appeared to  have a minor e f f e c t  on t h e  r e s u l t s .  
Di f fe rences  between t h e  models 
The experimental  d a t a  f o r  t h e  i n s u l a t e d  v e h i c l e s  does n o t  compare 
a s  w e l l  as t h e  uninsula ted  experiments. h h i l e  t h e  b lanket  systems were 
i d e n t i c a l  i n  design,  t h e  r a t i o  of b lanket  s u r f a c e  a rea /b lanket  edge 
per imeter  was d i f f e r e n t  f o r  t h e  two conf igura t ions .  This  r e s u l t e d  i n  
r e l a t i v e l y  g r e a t e r  edge l o s s e s  f o r  t h e  h a l f  s c a l e  model. 
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The s c a t t e r  i n  the data  between the two has increaaed due t o  t h i s  
edge l o s s  e f f e c t  on performance, and perhaps addi t iona l ly  due t o  inhomo- 
gene i t i e s  i n  blanket f ab r i ca t ion  and attachment. 
Uncertainty i n  mult i layer  i n su la t ion  performance is seen t o  dominate 
the thermal s ca l e  modeling r e s u l t s ,  
placed on component t e s t i n g  t o  determine insu la t jon  performance and s c a l e  
modeling techniques i f  scale modeline of insu la ted  systems is t o  become 
a p r a c t i c a l  reali ty.  
Greater e f f o r t  w i l l  have t o  be 
7.1.3 Numerical Adjustment of Experimental Data..- After the  
numerical ana lys i s  had been completed f o r  the half  s c a l e  model (as i t  had 
been b u i l t )  i n  an e f f o r t  t o  dupl icate  the experimental r e s u l t s ,  the nodal 
network w a s  adjusted t o  pred ic t  the half  s ca l e  model r e s u l t s  a s  i t  should 
have been b u i l t .  
That is ,  the following changes i n  the numerical ana lys i s  were made: 
The thermal conductivity of the ha l f  s ca l e  model mater ia l s  were 
given the same r e l a t i v e  temperature dependence as  the prototype 
materials. 
The hea ter  power d iss ipa ted  i n  each of the hea ters  was scaled t o  
t h a t  d i ss ipa ted  i n  the prototype tests. 
The s o l a r  heat ing loads on each of t he  ex terna l  nodes were 
scaled t o  those loads incident  on the prototype. 
The equipment deck on the  half  s c a l e  model was designed as  a 
0.040 (0.1016 cm) thickness.  The shop fabricated the model with 
an 0.044 (0,1118 cm) p l a t e  and t h i s  thickness w a s  used i n  the  
ana lys i s .  
was t rea ted .  
The r ad ia t ive  proper t ies  of the prototype were subs t i t u t ed  t o  
comply with the sca l ing  requirement f o r  preservat ion of r ad ia t ive  
propert ies .  
In  the  revised ana lys i s  the 0.040 (0,1016 cm) p l a t e  
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The r e s u l t s  of t h i s  s tudy  a r e  t a b u l a t e d  i n  Tables 43 through 47 f o r  
the uninsula ted  tests. The f i r s t  column i d e n t i f  l e s  t h e  node/ thermo- 
couple des igna t ion  and i t s  l o c a t i o n .  The next  t h r e e  columns t a b u l a t e  
the h a l f  s c a l e  experimental  r e s u l t s ,  t h e  c o r r e c t i o n  f a c t o r  der ived from 
a comparison of t h e  two numerical  s t u d i e s ,  and f i n a l l y  the  ad jus ted  h a l f  
s c a l e  experimental  da ta .  The f o u r t h  column t a b u l a t e s  t h e  pro to type  
experimental  da ta  and the  l a s t  column l ists  t h e  r a t i o  of cor rec ted  h a l f  
sca le /pro to type  experimental  r e s u l t s .  The r a t i o s  of cor rec ted  h a l f  s c a l e /  
prototype experimental  r e s u l t s  are p l o t t e d  i n  Figure 52. 
While t h i s  cor rec t ion  scheme has s h i f t e d  t h e  d i s t r i b u t i o n  s l i g h c l y  
no s i g n i f i c a n t  improvement has  been made i n  t h e  s c a t t e r  of the  d a t a ,  
This i s  f e l t  due t o  a combination of causes.  One being t h e  poor noding 
of t h e  base deck and h e a t e r  elements which forces  l a r g e r  e r r o r s  i n  t h e  
a n a l y s i s  than e x i s t i n g  i n  t h e  s c a l e d  experimental  da ta .  
t h e  determination of the  s o l a r  a b s o r p t i v i t y  of the  prc to type  6061-T6 
aluminum s u r f a c e  as i n f e r r e d  from t h e  prototype a n a l y s i s .  
had been experimentally determined with t h e  same e r r o r  as f o r  t h e  h a l f  
sca le  m a t e r i a l ,  then t h e  temperature c o r r e c t i o n s  could have r e s u l t e d  i n  
s u b s t a n t i a l  improvements f o r  thesc  nodes (79 and 81) r a t h e r  than t h e  
minimal adjustments i n d i c a t e d  . 
The o t h e r  being 
I f  t h i s  as 
This a t tempt  t o  numerically a d j u s t  t h e  experimental  d a t a  has  r e s u l t -  
ed i n  almost n e g l i g i b l e  improvement i n  t h e  experimental  c o r r e l a t i o n s .  
* 
This technique might have shown more premise i f :  
1 )  t h e  numerical a n a l y s i s  had been redone t o  account f o r  t h e  
previously noted d e f i c i e n c i e s  and 
2)  a smal le r  s c a l e  model (on t h e  order  of 1 1 4  - 116) had been 
tes ted  with i t s  r e s u l t i n g  l a r g e r  compromise induced devia t ions  
from the  prototype r e s u l t s .  
As a r e s u l t ,  no attempt was made t o  numerically a d j u s t  the  i n s u l a t e d  
t e s s  d a t a  due t o  t h e i r  even l a r g e r  e r r o r  bands. 
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7.1.4 Summary of Steady S t a t e  Resul t s . -  Table 48 has been prepared 
as a summary of t h e  s teady  s ta te  r e s u l t s .  Each of the comparisons pre- 
v ious ly  discussed is entered  i n  t h e  t a b l e  which i n d i c a t e s  its sys temat ic  
e r r o r ,  i t s  range of e r r o r ,  and its s tandard  devia t ion .  In  cases  of 
experiment and numerical a n a l y s i s ,  t h e  a n a l y s i s  is  compared t o  t h e  
experiment. I n  the  experimental  comparisons t h e  h a l f  scale tests are 
compared t o  the prototype r e su l t s .  
A comparison of experiment and a n a l y s i s  f o r  tests numbere 1, 2, 4 
and 5 shows a n e g l i g i b l e  (0.1 percent )  sys temat ic  e r r o r  and a s tandard  
devia t ion  of approximately 2 percent ,  It may seem s u r p r i s i n g  t h a t  t h e  
a n a l y s i s  pred ic ted  the  h a l f  scale experiment with a smaller s tandard  
devia t ion  than t h e  pro to type  experiment, This is a chance occurrence 
due to:  
1 )  The nodal model being developed and ad jus ted  i n i t i a l l y  f o r  t h e  
h a l f  s c a l e  vehic le .  
occurred,  the  h a l f  scale model w a s  c a r e f u l l y  examined and 
s e v e r a l  manufacturing e r r o r s  were discovered and subsequent ly  
accounted f o r .  
Thus, when n o t i c e a b l e  disagreements 
This  was n o t  done f o r  t h e  prototype.  
2) The d i s t r i b u t i o n s  obtained are n o t  i d e a l l y  gaussian and o t h e r  
measures of e r r o r  ( i . e .  a two sigma d i s t r i b u t i o n )  would show 
near ly  i d e n t i c a l  results f o r  t h e  two v e h i c l e s ,  Note t h a t  t h e  
t o t a l  range of  e r r o r  is 8.1 percent  f o r  t h e  h a l f  scale and 
8.2 percent  f o r  the  prototype.  
A comparison of test  and a n a l y s i s  f o r  test number t h r e e  shows t h e  
5.5 percent  sys temat ic  e r r o r  which w a s  discussed previous ly  as a r e s u l t  
of the  temperature dependency of t h e  B-1060 thermal c o n t r o l  coa t ing ,  
T.le s tandard devia t ion  on t h e  order  of 1 percent  i s  t y p i c a l  of t h e  




A comparison of  t he  two experiments ,  b e f o r e  and a f t e r  c o r r e c t i o n  of 
t he  h a l f  s c a l e  experimental  d a t a ,  shows a r a t h e r  i n t e r e s t i n g  e f f e c t .  
The raw d a t a  i n d i c a t e d  a 0.5 pe rcen t  sys t ema t i c  e r r o r  and a 0.7 pe rcen t  
s tandard d e v i a t i o n .  The ad jus t ed  experimental  comparison shows a 
0.1 percent  sys t ema t i c  e r r o r  and a 1.0 pe rcen t  s t anda rd  d e v i a t i o n .  The 
improvement i n  s y s t e m a t i c  e r r o r  i s  due t o  accounting f o r  t h e  non-similar 
temperature dependencies of t h e  thermal c o n d u c t i v i t i e s  of t h e  materials. 
As both t h e  s t anda rd  d e v i a t i o n  and t h e  range of e r r o r  i nc reased  s l i g h t l y  
i t  is p o s s i b l e  t h a t  u t i l i z i n g  t h e  numerical  model and i t s  i n a c c u r a c i e s  
had a tendency t o  worsen the  experimental  comparison. 
The - + 0.7 pe rcen t  s t anda rd  d e v i a t i o n  r e p o r t e d  for t h e  comparison of 
t h e  experimental  r e s u l t s  corresponds t o  a 5 0.47 pe rcen t  probable  e r r o r .  
An examination of the p r e d i c t e d  probable  e r r o r  (Figure 3) f o r  a h a l f  
s c a l e  model as a r e s u l t  of i nhe ren t  u n c e r t a i n t i e s  i n d i c a t e s  e r r o r s  on 
the o r d e r  of  - + 1 . 2  pe rcen t  f o r  nodes unich are not  s o l a r  i l l u m i n a t e d  and 
- + 3.6 per;.ent f o r  s o l a r  il.luminated nodes. 
t h e  probable error p r e d i c t i o n  forming the b a s i s  f o r  Figure 3 w a s  a 
maximum probable  e r r o r  based on a l t e r n a t i v e  formulat ions of t h e  s c a l i n g  
c r i t e r i a .  The corresponding minimum probable  e r r o r  w a s  on t h e  o r d e r  of 
- + 3 percent  f o r  nodes which are n o t  s o l a r  i l l umina ted  and - + 0.9 pe rcen t  
f o r  s o l a r  i l l umina ted  nodes, 
e r r o r  of - + 0.47 percent  f a l l s  w i t h i n  t h e  p r e d i c t e d  2 0.3 t o  2 0.9 pe rcen t  
range, An examination of Tables 35 through 39 shows t h a t  nodes 79 and 
81 ( t h e  s o l a r  i l l umina ted  nodes) have l a r g e r  e r r o r s  as would be expected 
from the  r e s u l t s  of the s t a t i s t i c a l  a n a l y s i s .  
I t  must be remembered t h a t  
The experimental ly  determined prohable  
The r e s u l t s  of t h e  i n s u l a t e d  tests show g r e a t e r  s y s t e m a t i c  e r r o r s  
and s t anda rd  dev ia t ions  than the  corresponding cases  f o r  t h e  un insu la t ed  
tes ts .  However, t hese  tests showed a l a r g e r  sys t ema t i c  e r r o r  i n  t h e  
experiment than i n  the  a n a l y s i s ,  This perhaps results from the 
d i f f e r e n c e s  between t h e  a n a l y s i s  (whfch handled h e a t  t r a n s f e r  through t h e  
i n s u l a t i o n  i n  a one dimensional f a sh ion )  and experiment which had s i g n i -  
f i c a n t l y  d i f f e r e n t  edge l o s s e s  i n  t h e  h a l f  s c a l e  i n s u l a t i o n  b l anke t  than 
i n  the  p ro  t o  t y p e .  







S i l i c a t e  
B-1060 
Overall ,  however, good agreement has been shown both between the  
r e s u l t s  of ana lys i s  and experiment, and i n  comparison of the experimental 
r e s u l t s  themselves. Numerical correct ion of the  experimental da t a  has 
a l so  a s s i s t ed  i n  reducing the systematic e r r o r  i n  the half  s c a l e  
experiment. 
Character- ( p cp)p Character- ( p c ~ ) ~  
i s t i c  i s t i c  
Thickness a t  535'R Model Thickness 
at 5350R t m / t  P ( in . )  (Btu / f t3  OR) Material (in.)  (Btu / f t3  OR) 
0.125 36.41 7075-T6 0 040 36.13 0.31.7 
0.0625 36.13 2024-0 0,010 36.29 0.161 
1.50 28.68 S i l i c a t e  0.750 I 28.68 0 500 
0.010 B-1060 0.01C 1.000 
Aluminum 
1 
7.2 Transient Results 
This sec t ion  w i l l  b r i e f l y  present and commenton the  t r ans i en t  
r e s u l t s  of these experiments, 
The t r ans i en t  ecal ing c r i t e r i a  
r e l a t e s  the model time sca l e  t o  t h a t  of the  prototype under the assump- 
t ions  of temperature preservat ion and geometric d i s to r t ion .  
For the two vehicles  t e s t ed ,  four  c h a r a c t e r i s t i c  p a i r s  of materials 
and thicknesses were u t i l i z e d  as presented i n  Table 49. 
four unique cha rac t e r i s t i c  t i m e  s ca l e s  are associated with d i f f e ren t  
elements of the vehicles .  A l l  of the  s t r u c t u r a l  elements, sk in  panels,  
As a r e s u l t ,  
TABLE 49. RELATIVE TIME SCALSS FOR MODEL MATERIALS 
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and h e a t e r  c a n i s t e r s  r e l a t e  by a f a c t o r  of 0.317. The h e a t e r  box s h e l l  
r e l a t e s  by a f a c t o r  of 0.161 end t h e  h e a t e r  cores  r e l a t e  by a f a c t o r  of 
0.50. The t h i c k  white  thermal c o n t r o l  coa t ing  B-1060 appl ied  over a 
major p o r t i o n  of the  e x t e r i o r  of t h e  v e h i c l e s  has  t h e  same charac te r  
i s t i c  t i m e  s c a l e  f o r  both vehic les .  
I n  advance of the experiments i t  was a n t i c i p a t e d  t h a t  t h e  tests 
involving h e a t e r  adjustments would be dominated by t h e  t i m e  f a c t o r  f o r  
the  l a v a  block h e a t e r  cores ,  Addi t iona l ly ,  i t  was thought t h a t  changes 
i n  t h e  s o l a r  condi t ions  would a l l o v  t h e  time f a c t o r  f o r  the  s t r u c t u r a l  
components (6061-T6 aluminum) t o  dominate t h e  t r a n s i e n t  response.  
Figures  53 through 56 present  p l o t s  of t h e  t r a n s i e n t  r e s u l t s  f o r  
tests numbers two and t h r e e  f o r  s e l e c t e d  nodes, The nodes s e l e c t e d  were: 
Node Lo c a t  ion -
59 Extended base  deck 
85 Heater s h e l l  
70 Equipment deck 
81 S u n  fac ing  upper c losure  
Consider Figure 53 which examines t r a n s i e n t  r e s u l t s  f o r  node 59 on t h e  
over extended base deck, I n  test  number 1 t h e  s o l a r  beam was turned on 
and t h e  model was allowed t o  reach equi l ibr ium, A t  the  beginning of 
t e s t  number 2 t h e  base deck h e a t e r  was a c t i v a t e d ,  Af te r  equi l ibr ium 
was reached, test number 3 was i n i t i a t e d  by turn ing  o f f  t h e  s o l a r  beam, 
The t r a n s i e n t  sequences r e s u l t i n g  from these l a t t e r  two test condi t ions  
a r e  shown. 
Discounting t h e  d i f f e r e n c e s  i n  temperature and examining only the 
r e l a t i v e  t r a n s i e n t  e f f e c t s ,  s e v e r a l  observa t ions  are i n  o r d e r ,  
1) The numerical a n a l y s i s  p r e d i c t s  the  prototype experimental  
response with P high degree of accuracy f o r  most tests. 
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2 )  Test number two involved power d i s s i p a t i o n  from a h e a t e r  mounted 
on the  base deck, The h a l f  s c a l e  t r a n s i e n t  time has  been s c a l e d  
by a f a c t o r  of two as t h e  h e a t e r  core  dominated t h e  t r a n s i e n t  
r e s u l t s .  With t h e  f a c t o r  of two s c a l i n g  the c h a r a i t e r i e t i c  
times, the h a l f  s c a l e  and prototype experiments show good agree- 
ment f o r  t h e  t r a n s i e n t  results,  
3) Test lzumber t h r e e  involved turn ing  the  s o l a r  beam o f f .  As t h i s  
event  had i t s  immediate e f f e c t  on the  e x t e r i o r  s u r f a c e  of t h e  
v e h i c l e  i t  was f e l t  t h a t  t h e  sca1ir.g time f a c t o r  would be t h a t  
of the  6061-T6 aluminum frame and s k i n  panels .  The h a l f  s c a l e  
t r a n s i e n t  da ta  is p l o t t e d  wi th  the  time s c a l e  expanded both by 
a f a c t o r  of 2.0 and 3.16. 
b e t t e r  agreement than t h e  3,16 f a c t o r  f o r  the  skin elements,  
This i s  due tc the  white  thermal c o n t r o l  coat ing.  
The s c a l i n g  f a c t o r  of 2.0 shows 
Consider the  c a l c u l a t i o n  of the volume and mass o f  t h e  aluminum 
and coat ing m a t e r i a l s  a t  node 59 which i s  presented i n  Table 50. 















While t h e  B-1060 coat ing was only 1 / 8  of the mass of the proto- 
type node, it represented i / 3  of the  mass of t h e  h a l f  s c a l e  
node. This has  r e s u l t e d  i n  an i n c r e a s e  i n  the  c h a r a c t e r i s t i c  
respanse time of nodes coated with B-1060. A s  t h e  temperature 
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changes were s u b s t a n t i a l  i n  t h e s e  t e s t s ,  t h e  r e sponse  times o f  
t h e  h e a t e r  c o r e s  a l s o  c o n t r i b u t e Q  t o  t h e  o v e s a l l  v e h i c l e  
response .  Thus, i t  i s  observed  from F igure  5 3  t h a t  t h e  
c h a r a c t e r i s t i c  Zsponse t i m e  l i e s  between t h e  two v a l u e s  
p i o c t e d .  The r e s t  o f  t h e  f i g u r e s  are p l o t t e d  w i t h  a f a c t o r  o f  
twc i n c r e a s e  i n  t h e  half  scale expe r imen ta l  times f o r  b o t h  tests.  
No s p e c i a l  emphasis  was p laced  on s c a l i n g  t h e  t r a n s i e n t  r e sponse  of 
t h e  h a l f  scale model, as i n d i c a t e d  i n  S e c t i o n  4.1,  as i t  was expec ted  t h h i  
numer ica l  a n a i y s i s  would a l low a c o r r e c t i o n  of t r a n s i e n t  r e sponse  d a t a .  
If i t  had been d e s i r e d  t h a t  t h e  h a l f  scale model e x p e r i m e n t a l l y  
v e r i f y  t h e  f u l l  scale t r a n s i e n t  sequence ,  o t h e r  s c a l i n g  compromises would 
have been d e s i r a b l e .  
T rans i en t  Response, 
d e s i g n e r :  
These comrromises were discus,ed i n  S e c t i o n  4 . 1  on 
In g e n e r a l ,  t h r e e  c h o i c e s  a r e  a v a i l a b l e  t o  t h s  
1) t h e  b e s t  s e l e c t i o n  of materials f o r  s t e a d y  s t a t e  r e sponse ,  
2 )  t h e  b e s t  s e l e c t i o n  of m a t e r i a l s  f o r  t r a n s i e n t  r e s p o n s e ,  o r  
3 )  o p t i m i z a t i o n  of s e l e c t i o n  f o r  minimum e r r d r s  i n  boLh s t e a d y  
and t r a n s i e n t  response .  
I n  most ca ses  " p e r f e c t "  scale modeling is no t  p o s s i b l e  and s c a l i n g  
compromises must be  made. 
model is used  t o  demons t r a t e  agreement w i t h  t h e  experiment  ana then  t o  
a d j u s t  t h e  expe r imen ta l  resul ts  from the  "a s  b u i l t "  model condiLion t o  
the  t h e c r e t i c a l  model c o n d i t i o n .  
U l t i m a t e l y  numer i ca l  a n a l y s i s  of  t h e  "as b u i l t "  
14 7 
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MODEL Half Scale  Model 
TEST 1 
CONDITIONS Sun on 
Heater #I o f f  
















































+ 9.3 0.977 
- 8.4 1.023 
-12.4 1.034 
-12.6 1.034 
+ 0.3 0.999 
+ 0.3 0,999 
+ 1.2 0.997 
+ 0.8 0.998 
+ 0.3 0.999 
+ 0.6 0.998 
+ 0.3 0.999 
+ 0.5 0.990 
+ 1.6 0.996 
- 2.2 1 .ooti 
- 5.4 1.013 
- 5.5 1.014 
+ 3.2 0.993 
+ 5.8 0.987 
D2-121352-1 




























E x t e r n a l  S k i n  
MODEL Half Scale Model 
TEST 2 
CONDITIONS Sari on 
Heater # 1  on 


















































































































E x t e r n a l  Skin 
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TABLE 21. STEADY STATE TEHPERATL'RES 
MODEL Half  S c a l e  Model 
TEST 3 
COND1TT:INS Sun off 
Heater #1 o n  


































































































MODEL Half Scale Model 
TEST 5 
CONDITIONS Sun on 
Heater #1 off 


























+ 8.9 0.979 
- 2.6 1.006 
- 8.1 1.020 
- 7.6 1.019 
+ 0.8 0.998 
+ 3 . 9  0.992 
+ 6.8 0.986 
+ 3.9  0.992 
+ 4.8 0.990 
+ 1.6 0.997 
- 6.5 1.0:4 
- 7.6 1.016 
- 0.3 1.001 
+ 2.4 0.994 
- 2.0 1.004 
- 0.5 1.001 




TABLE 23. STEADY STATE TEMPERATURES 
MOLCL Half S c a l e  Model 
TEST 5 
\ CONDITION Sun of f  
Heater #l o f f  



























Heater Four ' 


















































- 5.3 1.018 
- 7.7 1.026 
- 8.7 1.029 
- 3.6 1.010 
+ 0.9 0.997 
+ 1.3 0.996 
- 3.0 1.008 
- 1 . 3  1.003 
- 6.0 1.016 
-12.9 1.035 
-14 .4 1.038 
.- 6.9 1.019 
- 1.3 1.004 
+ 1.5 0.995 
+ 0.8 0.998 
+ 3.3 0,990 
+ 3.5 0.989 
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MODEL Prototype Vehicle 
TEST 1 
CONDITIONS Sun on 
Heater f l  o f f  





















































+ 2.G 0.993 
+ 2.2 0.994 
- 1.6 1.004 
+ 0.7 0.998 
- 0.8 1.002 
+ 0.7 0.998 
+ 9.7 0.998 
+ 2.5 0.994 
+ 2.6 0.994 
+ 2.2 0.994 
- 8.5 1.021 
- 7.9 1.020 
+ 0.8 0.998 
+ 0.1 1 , 0 0 0  
f: Thermocouple out 
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TABLE 25. STEADY STATE TEMPERATURES 
MODEL P r o t o t y p e  Veh ic l e  
TEST 2 
CONDITIONS Sun on 
Heater # l  on 
Heaters #2, 3, 4 off 
NODE EXTERIMENT ANALYSIS INCREMENT 
































A l l  .o 
Lt17.5 
-18.7 1.045 
+ 2 . 1  0.995 














+ 6.5 0.984 





+ 2.3 0.994 





+ 2 .3  0.994 







+ 4.3  0.990 
+ 5.2 0.988 











+ 3.0 0.993 
- 5.4 1 .013  
- 5.4 1.013 
+ 4.5 0.991 
+ 4.5 0.991 
* Thermocouple o u t  
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MODEL Proto type Vehicle 
TEST 3 
CONDITIONS Sun o f f  
Heater 81 on 


































































* Thermocouple o u t  
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E x t e r n a l  Sk in  
MODEL P r o t o t y p e  Veh ic l e  
TEST 4 
CONDITIONS Sun on 
Heater #I off 














































(OR> ( R a t  i 0 )  
- 5.4 1.013 
- 9.4 1.023 
+11.5 0.973 
- 4.4 1.011 
- 2.8 1.007 
+ 6.6 0.986 
+ 9.8 0.979 
- 1.0 1.002 
- 2.3 1.005 
+ 1 . 2  0.998 




+ 5.8 0.986 - 3.7 1.008 
- 3.0 1.007 
+ 9.4 0.981 
+ 9.3  0.982 
* Thermocouple o u t  
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MODEL Prototype Vehicle 
TEST 5 
CONDITIONS Sun o f f  
Heater #l o f f  
Heaters #2, 3, 4 on 













































- 6.9 1,023 
- 6.9 1.023 
- 6.7 1.022 
-. - 
1.026 - 7.8 
- 6.2 1.020 
- 1.6 1.005 
+ 1.2 0.997 
-14.9 1.040 
-15.8 i. C52 
-13.0 1.034 
-15.4 1.041 
+ 6.0 0.984 
+ 8.3 0.979 
+ 7.8 0.980 
- 5.2 1.016 
- 5.1 1.016 
- 5.1 1.016 - 0.8 1.002 
0 1.000 
* Thermocouple out 
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MODEL Half Scale Model with Insulation 
TEST 6 
CONDITIONS Sun on 
Heater #1 off  
Heaters 82, 3, 4 o f f  
EXPERIMENT 












































( O R >  (Rat io) 
- 8.6 1.024 - 3.7 1.030 
+16.5 0.958 
- 6.0 1.017 
- 0.3 1.001 
- 5.3 1.015 
+ 4.9 0.987 
+ 4.9 0.987 
+ 6.8 0.982 
+ 7.5 0.980 
+ 6.8 0.982 
+ 6.8 C. 982 
+ 6.4 9.983 
+ 6.6 0.983 
+ 6.6 0.983 
+ 7.8 0.980 
+ 5.5 0.986 
+ 6.5 0.983 
+ 4.8 0.987 
+ 4.8 0.987 
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5 7 b  
5 3  












3 1  






7 3  
7 9  
81 
Externtl Skin 
MODEL Half Scale Model w i t h  Insulation 
TEST 7 
COE?DITIONS Sun on 
Heater #1 o f f  













5 2 8 . 1  
522.8 
517.4 









438 .5  
438.5 
448.5 
4 4 3 , 7  
447.1 















I N  CKEMF N T 
( O N  (,\at i 0 )  
- 1.1 1.002 
- 3.7 1.0(?8 
+ 7 .6  0.933 
A 1.5 0 , 9 9 7  
+ i3 .5  0.970 
+ 4 . 9  0.989 
+12.1 0.976 
+14.6 0 . 9 i l  
+2L.C 0 .961  
+15.6 0.965 
+ 8.8 0 . 9 8 1  
+ 7.0 0.987 
+13.1 0.975 
+19.9 0.959 
+2 i .5  0 .958  
t 2 1 . 8  0.358 
































TABLE 31. STEADY STATE TEMPERATURES 
MODEL Half S c a l e  Madel w i t h  I n s u l a t i o n  
TEST 8 
CONDITIONS Sui1 o f C  
Heater 81 o f f  















































- 4.2 1.011 
- 4.9 1.013 
-11.3 1.031 
- 1.6 1.004 
+ 8.0 0.979 
+ 0.4 0.999 
+ 7.0 0.984 




+ 9.0 0.981 
+ 2.0 0.996 
+ 0.3 0,999 
+ 6.8 0.985 
+11.4 0.973 



































M:!liEi Prototype Vehicle w i t h  In: 1-lation 
TEST 6 
CONDITIONS Sun on 
Heater # l  of f  





















































































































MODEL Prototype Vehicle w i t h  Insulation 
TEST 7 
CONDITIONS SUI on 
Heater #l off 














































( O R >  (Rat io) 
- 2.7 1.006 
- 8.4 1.019 
- 1.4 1.0d3 
+ 3.1 0.993 
+ 1.7 0.996 
+ 2.8 0.994 
+E. 3 0.978 
+ l J . l  0.975 
+12.2 0.978 
+lo. 7 0.980 
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E x t e r n a l  S k i n  
64 
7 7  
7 3  
79 
81 
MODEL P r o t o t y p e  Veh ic l e  w i t h  I n s u l a t i o n  
TEST 8 
CONDITIOKS Sun off 
Heater #1 off 













































S )  
-10.7 
-12.2 
-12 .7  
- 7.9 
- 9.7 






































1 1 1  
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CONDITIONS Sun on 
Heater #l off  
Heaters # 2 ,  3 ,  4 o f f  
HALF SCALE PROTOTYPE INCREMENT 
(OR> (OR) (OR) (Ratio) 
381.5 382.5 - 1.0 0.997 
384.3 387.4 - 3.1 0.992 
391.4 398.1 - 6.7 0.983 
375.1 - - - 
380.1 382.5 - 2.4  0.994 
* 
380.1** 382.5 - - 
398.5 400.2 - 1 . 7  0.996 
398.5 400.8 - 2.3 0.994 
397.8 404.2 - 6.4 0.984 
397.8 401.5 - 3.7 0.991 
398.5 403.5 - 5.0 0.988 
397.8 4Cl.5 - 3.7 0.991 
398.5 402. S - 4.4 0.989 
399.9 402.9 - 3.0 0.992 
397.1 400.8 - 3.7 0.991 
389.3 390.3 - 1.0  0.397 
408.3 412.3 - 4.3 0.990 
406.8 410.9 - 4 . 1  0.990 
453.5 467.1 -13.6 0.971 
451.6 468.4 -16.8 0.964 
* 
9 ; ~  Apparently erroneous chermocouple reading 
II-..oY, er a t  i v e  t h e  rmo coup1 e 
168 
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TABLE 36. STEADY STATE EXPERIMENTAL TEMPERATURES 
'IEST 2 
CONDITION Sun on 
Heaters $ 1  0 1 1  


























Heater Three  
Heater Four 













































'k I n o p e r a t i v e  thermocouple 
** Apparent ly  e r roneous  thermocouple  r e a d i n g  
INCREMENT 
(OR) (Rat i o )  
- 1.6 0,996 
+ 1.1 1.003 
- 3.6 0.991 
- - 
- 3.9 3.992 
- 0.9 3.998 
- 0.2 1.000 
- 2.3 0.994 
- 1.0 0.998 
- 2.3 0.904 
- 0.9 0.998 
- 1.6 0.996 
- 1.6  0.996 - 1.6 0.996 
- 0.2 1.000 
- 2.2 0.995 




































CONDITIONS Sun off 
Heater #l on 















































- 2.6 0.992 
+ 3.1 1.011 - 1.9 0.993 
- - 
- 8.1 0.979 
+ 1.4 1.005 - 0.3 0.999 
+ 0.6 1.002 
+ 0.6 1.002 
- 0.3 0.999 
+ 1.4 1.005 
- 0.3 0,999 
+ 0.6 1.002 
+ 0.6 1.002 
- 0.3 0.999 
+ 1.5 1.006 
+ 0.6 1.002 
+ 0.6 1 e002 
+ 0.6 1.002 
** Apparently erroneous thermocouple reading 
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TABLE 38. STEADY STATE E W E R I K N T A L  TEbP!X 'LURES 
TEST 4 
CONDITIUNS Sun on 
Beater P l  off 
Heaters k - ,  3,  4 on 
NOD!? HALF SCALE PROTOTYPE INCREMENT 












Equipme ot Deck 
87 
88 
Heater  Threz 
90 

















+ 1.8 i .004 
+ 3.5 1.006 











- " - 5  0.998 
- 0.8 0.998 
482.9 
478.6 
- 5.8 3.912s 







- 1 .4  c.497 







- 2 . 1  0.996 











+ 0.4 1.001 
- 2 . 1  0.995 - 2.8 0.994 
- 9.3 0.980 
-13.1 0.974 
* h o p e r 6  t i v e  thermbtouple  
** . \pparent ly  e r ronecus  thermc . ,uple  r e a d i n g  
1 7 1  
Y 
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TABLE 39. STEADY STATE EXPERIMENTAL TEMPERATURES 
TEST 5 
CONDITIONS Sun off 
Heater 111 off 
Heaters 12,  3, 4 on 
NODE HALF SCALE PROTOTYPE INCREMENT 




























+ 0.6 1.002 
+ 3.0 1.010 



















- 2.2 0.994 





- 6.6 0.983 





- 0.9 0.998 































- 4.1  
- 2.7 - 2.6 
* Inoperative thermocouple 
* A  Apparently erroneous thermocouple reading 
1 7 2  
D2 -1 2 13 52 -1 
TABLE 40. STEADY STATE EXPERIMENTAL TEXPERATURES 
TEST 6 
CONDITICNS Sun cj?. 
Heater #i o f f  































































































k k  Apparently erroneous thermocouple reading 
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TABLE 41. STEADY STATE EXPERIMENTAL TEMPERATURES 
TEST 7 
CONDITIONS Sun on 
Heater %1 off 






























































































** Apparently erroneous thermocouple reading 
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CONDITIONS Sun o f f  
Heater #l off 















































- 0.8 0.998 
- 1.6  0.996 
- 0.8 0.998 
- 0.1 1.000 
- 1.6 0.996 
- - 
- 4.0 0.991 
- 6.5 0.985 
- 7.2 0.985 
-10.3 0.978 
- 4.6 0.990 
- 6.5 0.986 
-11.0 0.977 
- 5.1 0.989 
- 7.1 0.985 
- 3.5 0.991 
- 7.5 0.983 
- 8.2 0.981 
- 7.5 0.983 
- 7.6 0.983 
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T.\BLE 48. SUMMARY OF ERRORS 
Comparison 























Tests 6-8 ( insu la ted)  
Experiment and 
Analys is  
Half Scale - 1.8 
Prototype - 1.3 






- + 5.3 - 2.8 
+ 5.3 - 2.9 - 
+ 1.0 
+ 5.4 - 8.9 - + 0.7 
+ 2 . 4  -10.9 - 
+ 1.8 - 3.1 - + 0.7 
+ 1.0 + 1.5 - 4.0 - 
. 
+ 2.2 + 4.9 - 2.5 
+ 3.5 + 4.8 - 5.2 
+ 3.4 - 2.4 - + 1.5 
- 
- 
* Displacement of mean from 1.0 
** Total  range of deviat ions about mean *** Range of  deviat ions about mean which encompass 68 percent of the 

























2 40 l 1 1 I I 1 I 1 I I I I 
1 2 3 4$0 2 4 6 8 10 12 14 16 
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T e s t  No. 2 T e s t  No. 3 
----I-- 
- 
T /e------- /- 0 Node 59a Pro to type - E x p e r i m e n t  
Analysis 
Half Scale Experiment 
--- t m / t p  = 0 . 3 1 6  
------- t m / t p  = 0.500 
e . .  e- . .  
T i m e  (Hours) 
Figure 53: TRANSIENT RESULTS FOR NODE 59a 
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3 5 0  
- ~~ ~ 
Test No. 2 T w t  Xo. 3 
Node 85 
Prototype - Experiment 
Analys i s  
Half S c a l e  Experiment 






















Test No. 2 Test No. 3 
-t- 
Node 70a 
Pro tot ype 
.-e Experiment 
Analysis 
Half Scale Experiment 
------ tm/tp = 0 . 5  
I I I I 1 I I 1 I I I I I 
0 1 2  3 4 0 2 4 6 8 1 0 1 2 1 4 i 6  
Time (Hours) 





































Pro to type  
0-a Experiment 
Analys i s  
Half S c a l e  Experiment 
------- t d t p  = 0 . 5  
I I I I I I I I I I I I 
0 1 2 3  2 4 6 8 10 12 14  16 18 
T i m e  (Hours) 
Figure 56: TRANSIENT RESULTS FOR NODE 81 
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8.0 CONCLUDING REMARKS 
This concluding s e c t i o n  is devoted t o  E series of remarks on t h e  
ques t ions  of numerical  modeling versus  scale modeling approaches t o  
thermal design v e r i f i c a t i o n ,  l i m i t a t i o n s  i n  both thermal scale modeling 
and numerical  modeling, and recommendations f o r  a d d i t i o n a l  work required 
t o  extend t h e  usefu lness  of scale modeling techniques and f u r t h e r  v a l i -  
d a t e  t h e  conclusions of t h i s  study. 
The sheer  s i z e  of the  s p a c e c r a f t  c u r r e n t l y  being envis ioned f o r  the  
f u t u r e  decade ( t h e  space s h u t t l e ,  t h e  Mars ' 7> ,  and Grand Tour missions)  
w i l l  eventua l ly  r e q u i r e  e i t h e r  modi f ica t ions  of e x i s t i n g  thermal v e r i f i -  
c a t i o n  t e s t i n g  procedures o r  s i g n i f i c a n t l y  l a r g e r  'space s imula t ion  
f a c i l i t i e s .  Several  techniques are a v a i l a b l e  beyond f u l l  s i z e  thermal 
t e s t i n g .  These alternates inc lude  numerical a n a l y s i s ,  thermal sca le  
modeling, and compcnent t e s t i n g .  Most l i k e l y  a combination of these  
techniques w i l l  u l t i m a t e l y  be u t i l i z e d .  
This s tudy has  shown t h a t  thermal s c a l e  modeling can s u c c e s s f u l l y  
v e r i f y  t h e  thermal design of a s p a c e c r a f t  wi th  complex conductive/ 
r a d i a t i v e  i . i terchange. Scale modeling i s  l i m i t e d ,  as are a l l  experimental  
approaches, by t h e  t i m e  and c o s t  requirements of vacuum chamber t e s t i n g .  
Scale  modeling i s  a l s o  l i m i t e d  by t h e  d i f f i c u l t y  of producing complex 
e x t e r n a l  environments i n  e x i s t i n g  vaLuum chamber f a c i l i t i e s .  
This  s tudy  has a l s o  shown t h a t  numerical  a n a l y s i s  can a c c u r a t e l y  
p r e d i c t  t h e  performance of a complex spacecraf t .  The major d i f f i c u l t y  
with a numerical  model is t h a t  i t  r e q u i r e s  a complete understanding of the  
s p a c e c r a f t ,  i t s  m a t e r i a l  p r o p e r t i e s  and t h e i r  temperature dependence. 
A combination of t h e  experimental  and numerical  methods, which u t i l i z e s  
t h e  advantages of each method, appears t o  be t h e  b e s t  approach t o  thermal 
design v e r i f i c a t i o n .  A small s c a l e  model could b e  t e s t e d  and used t o  a id  the 
development of  an accura te  mathematical model. The upgraded mathematical  
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model could then be  used t o  p r e d i c t  t h e  perforrr.ance of a f u l l  s i z e  
v e h i c l e  over a much l a r g e  range of s imulated f l i g h t  c o n d i t i o n s  than 
a u l d  be achieved i n  t h e  space s imula to r .  
A p o s s i b l e  a l ternate  would be  t h e  use of t he  combined numerical /  
s c a l e  modeling s tudy t o  d e f i n e  s p a c e c r a f t  s u r f a c e  temperatures  and g r o s s  
s t r u c t u r a l  i n t e r i o r  temperatures .  Component t e s t i n g  could then be  
accomplished with t h e  space v e h i c l e  e x t e r i o r  boundary temperatures  being 
s imulated r a t h e r  than by d i r e c t  s imula t ion  of t h e  space thermal 
environment. 
However, as always,  t h e  p r e f e r r e d  approach depends upon t h e  p a r t i -  
cular  problem being i n v e s t i g a t e d .  This r e q u i r e s  a n  understanding of  t he  
l i m i t a t i o n s  of each approach. 
As we have seen i n  t h i s  s tudy t h e  major l i m i t a t i o n s  on numerical 
a n a l y s i s  are not  r e l a t e d  t o  t h e  s i z e  of t h e  problem be ing  s t u d i e d ,  b u t  
r a t h e r  t h e  completeness of ou r  understanding of t h e  problem. 
In  a d d i t i o n  t o  understanding t h e  problem t h e r e  is a l i m i t a t i o n  as 
a r e s u l t  of t h e  a b i l i t y  of ou r  computer programs t o  s i m u l a t e  t h e  p-oblem, 
p a r t i c u l a r l y  i n  t h e  a r e a s  o f  d e f i n i n g  e x t e r n a l  environment and t h e  
c a l c u l a t i o n  of  r a d i a t i o n  interchange f a c t o r s  between su r faces .  The 
programs p r e s e n t l y  ope ra t ing  appear adequate f o r  most problems s t u d i e d  
t o  da t e .  
The area of least  understanding appea r s  i n  t h e  area of m u l t i l a y e r  
i n s u l a t i o n  performance. 
i m p o s s i b i l i t y  of uniform manufacturing and t h e  complex a n i s o t r o p i c  n a t u r e  
of heo t  t r a n s f e r  w i t h i n  t h e  i n s u l a t i o n .  
This i s  a d i f f i c u l t  problem due t o  t h e  near  
The on ly  "s ize"  l i m i t a t i o n s  involved wi th  numerical  a n a l y s i s  are a 
r e s u l t  of  a computer s t o r a g e  c a p a b i l i t y  and not r e a l l y  p e r t i n e n t  t o  t h e  
ques t ion  a t  hand. 
190 
D2-121352-1 
On the  o t h e r  hand the  l i m i t a t i o n s  on thermal s c a l e  modeling are 
manif o ld .  Several  are mentioned i n  t h e  paragraphs below: 
1 )  L imi t a t ions  as a r e s u l t  of u n c e r t a i n t i e s  i n  mater ia l  thermal 
p r o p e r t i e s ,  model dimenainns, i n s t rumen ta t ion  e f f e c t s ,  and 
environment s imulat ion.  
L imi t a t ions  as a r e s u l t  of e x i s t i n q  materials and t h e  range of 
a v a i l a b l e  gages makes design f o r  both s t e a d y  s t a t e  and t r a n s i e n t  
r e s u l t s  d i f f i c u l t .  
2) 
3) L imi t a t ions  as a r e s u l t  of inadequate  o r  incomplete understand- 
ing i n  t he  areas of m u l t i l a y e r  i n s u l a t i o n ,  j o i n t  conductance, 
and convect ive h e a t  t r a n s f e r  i n  manned cab ins .  
These l i m i t a t i o n s  combine t o  i n d i c a t e  a rea l i s t ic  lower l i m i t  on 
scale modeling of 115 t o  1 1 7  scale. 
o rde r  of 1/10 scale seems appropr i a t e .  
more d i f f i c u l t ,  t i m e  consuming and expensive w i l l  be  t h e  r e s u l t i n g  model. 
These l i m i t a t i o n s  appear reasonable  based on t h e  tssumptions of t h i s  
s tudy bu t  t h e  r e a d e r  i s  reminded t h a t  t h e  lower l i m i t  on s c a l i n g  i s  
s t r o n g l y  a func t ion  of o r i g i n a l  model s i z e  and t h e  manufacturing 
t o l e r a n c e s  t h a t  t h e  modeler i s  w i l l i n g  t o  pay f o r .  
An a b s o l u t e  lower l i m i t  on t h e  
The lower t h e  scale r a t i o  t h e  
I n  cases  such as the p r e s e n t  s tudy  where the  p ro to type  i t s e l f  is  a 
smail  v e h i c l e  ( sma l l e r  than one would normally consider  a cand ida te  f o r  
s c a l e  modeling),  an a d d i t i o n a l  lower l i m i t  on model s i z e  i s  imposed by 
the  shee r  m i n i a t u r i z a t i o n  r equ i r ed .  For example, a one-tenth s c a l e  
model would be  a two inch  (5.08 cm) cube mounted on a t h r e e  inch 
(7 .62  cm) square p l a t e .  The 6 inch (15.25 cm) h e a t e r  c a n i s t e r s  would be  
0.6 inch (1.525 cm) by 0 . 3  inch (0.761 cm) diameter  c y l i n d e r s  with t h e  
nichrome wound h e a t e r  cores .  
an excep t iona l ly  i n t r i c a t e  l e v e l  of workmanship and a probable  l a r g e  
inc rease  i n  model f a b r i c a t i o n  c o s t ,  
Th i s  l e v e l  of m i n i a t u r i z a t i o n  would r e q u i r e  
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Addit ional  work could extend and s t r e n g t h e n  t h e  conclusions 
reached i n  t h i s  s tudy.  
The ana lyses  performed could be redone based upon t h e  obse rva t ions  
This would of t h i s  s tudy  t o  o b t a i n  a more a c c u r a t e  mathematical  model. 
a l low more a c c u r a t e  mathematical  modeling of the experimental  r e s u l t s  
and improved experimental  c o r r e l a t i o n s  where the  h a l f  s c a l e  resul ts  ar 2 
mathematically ad jus t ed  t o  account f o r  s c a l i n g  compromises. 
An a d d i t i o n a l  smaller s c a l e  model i n  the 1 / 4  t o  1 / 6  s c a l e  range 
could be b u i l t  and t e s t e d  t o  show a d d i c i s n a l  v e r i f i c a t i o n  of t he  probable  
e r r o r  a n d v s i s  developed i n  Sec t ion  3.0 as a func t ion  of s c a l e  r a t i o .  
This model should have a d d i t i o n a l  emphasis on s c a l i n g  t h e  t r a n s i e n t  
r e s u l t s ,  perhaps even t o  t h e  e x t e n t  of accep t ing  s t eady  s t a t e  temperature 
e r r o r s  i n  order  t o  o b t a i n  an a c c u r a t e  t r a n s i e n t  sequence of even t s .  
The range of u s e f u l n e s s  of  thermal scale modeling could a l s o  be 
improved by d e t a i l e d  s t u d i e s  i n  t h e  areas o f :  
Mul t i l aye r  i n s u l a t i o n .  
technique s t u d i e s  would b e  u s e f u l  t o  a p p l i c a t i o n s  of s c a l e  
modeling of rea l  s p a c e c r a f t .  
J o i n t  conductance. I n  ac tua l  s p a c e c r a f t ,  j o i n t  conductance 
could be a l i m i t i n g  f a c t o r  which would r e q u i r e  c o n s i d e r a t i o n  
i n  s c a l e  modeling. 
Cabin convect ive flows. 
mexltal c o n t r o l  sys t ems  t o  r e p l e n i s h  oxygen content  of t h e  cabin 
atmosphere. This  w i l l  r e s u l t  i n  convect ive i n t e r a c t i o n  wi th  
t h e  cabin wal ls  and could be t h e  dominant i n t e r i o r  h e a t  
t r ans fe r  mechanism. 
Both performance s t u d i e s  and s c a l i n g  
Manned s p a c e c r a f t  w i l l  have environ- 
is f e l t ,  however, t h a t  a s tudy of m u l t i l a y e r  i n s u l a t i o n  , ca l ing  
techniques would be  a p p l i c a b l e  t o  v i r t u a l l y  a l l  s p a c e c r a f t  s t u d i e s  
whether manned o r  no t .  The f i n a l  recommendations of t h i s  s tudy would be:  
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1) a detai led study of multilayer insulation scal ing techniques 
and 
an extension of the present study to experimentally ver i fy  the 
e f f e c t s  of uncertainties i n  sca le  modeling at  lower sca le  
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APPENDIX A 
THERMOPHYSICAL PROPERTIES OF MATERIALS 
The fol lowing t a b l e s  present  t h e  thermophysical p r o p e r t i e s  used i n  
the  c a l c u l a t i o n s  f o r  t h e  pro to type  and h a l f  s c a l e  model components. 
TABLE A l .  ALUMINUM SILICATE - GRADE A 
3 Density 0.083 l b / i n  
S p e c i f i c  Heat 0.20 Btu/lbm OR 
Thermal Conductivity 1.21 Btu/hr  f t  OR 
TABLE A2. 6061-T6 ALUMINUM ( p  = 169.34 l b / f t 3 )  
P P C  C Temperature k P 






























Reference: D-16103-1, Thermophysical P r o p e r t i e s  of M a t e r i a l s ,  
G. Belleman, March 1961. 
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TABLE A3. 7075-T6 ALUMINUM (p = 174.53 l b / f t 3 )  
P C  
C P Temperature  k P 














0. d04  0.698 
$3.2 0.092 16.06 
62.2 
68.2 
72.6 0.207 3 6 . 1 3  
77.8 
81.2 0.222 38.74 
84.2 
86.8 0.234 40.84 
89.0 
91.1 0.245 42.76 
92.4 
D-16i03-1, Thermoptys ica l  P r o p e r t i e s  of Materials, 
G.  Belleman, March 1961. 
3 TABLE A 4 .  2024-0 ALUMINUM (p = 172.8 I b / f t  ) 
i c  
P P C Temperature  k 























0 225 38.88 
0.240 41.47 
0.250 43.20 
Reference : D-16103-1, Thermophysical P r o p e r t i e s  of Materials, 
G. Belleman,  March 1961. 
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TABLE A5. MULTILAYER INSULATION BLANKETS 





5 1 2  
560 
E f f e c t i v e  
Conduct an ce 
(B tu /h r  f t 2  OR) 
10 l a y e r s  Aluminized Mylar 
1 / 4  m i l l  mylar  
270 b: aluminum f i l m  
a luminized  bo th  s i d e s  
10 l a y e r s  s i l k  .let 
s k i p  bonding f a b r i c a t i o n  
1.073 x 
1.312 x l f 3  
1.562 x 
1.993 x 
Velcro  hook and p i l e  a t t achmen t  
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TABLE A6. RADIATIVE PROPERTIES 
Surf ace 









Measured Proper t ies  
RT E 
d Predicted Proper t ies  S 
8 E 8 p S  p S  
CL a 
0.96 0.88 
0.962 - 0.038 0.841 
0.033 tl.843 3,967 - 
0.967 - 0.033 0.875 
0.193 0.896 
0.184 0.014 0.802 0.894 
0.184 0.015 0.801 0.892 
0.181 0.012 0.807 0.905 
Chem Cleaned 0.160 0.060 
2024-0 0.308 0.220 0.472 0.055 
6061-T6 0.349 C.182 0.469 0.052 
0.241* 
7074-T6 0,229 0.431 0.340 0.040 
Aluminized 
Mylar 0.160 0.060 
I 
I1 
0.215 0.703 0.082 0.048 
0.174 0.761 0.065 0.041 




RADIATION INTERCHANGE FACTOR MATRIX 
This appendix p-sents t h e  r a d i a t i o n  interchanze f a c t o r s  c a l c u l a t e d  
f o r  t h e  prototype v e h i c l e  without  m u l t i l a y e r  i n s u l a t i o n .  
The first column of t h e  t a b l e  i n d i c a t e s  the nodal des igna t ion  used 
i n  t h e  Radia t ive  Interchange Factor  P r o g r m  while  the  next  column indi -  
c a t e s  des igna t ions  corresponding t o  nodal l o c a t i o n s  i n  the  Thermal 
Analyzer Progiam. The t h i r d  column i n d i c a t e s  nodal s u r f a c e  area i n  
square inches.  
Only h a l f  of t h e  t o t a l  mat r ix  is presented due t o  symnetry which 
allows a calculh' ion of the  o t h e r  elements from 
Radiation connectors a r e  requi red  f o r  t h e  thermal analyzer  pr  ,gram 
only f o r  t h e  non-diagonal, non-zero, elements of t h e  h a l f  mat r ix  shown. 
A s  r a d i a t i v e  p r c p e r t i e s  and relative geometry were preserved,  t h i s  
same mat r ix  of interchange f a c t o r s  was used f o r  t h e  h a l f  s c a l e  model. 
The only adjustment requi red  f o r  the h a l f  s c a l e  was i n  t h e  en iss ivSty  f 
t h e  sun fac ing  pol ished aluminum upper c losure .  
the view f a c t o r s  t o  space (node 200) from nodes 79, 80, 81 and 82. 




F( z . . .  . 
000 0 
m m m m  
d o 4 9  
d O O N  
0000 
9 9 3 9  
\o u 00000 o o N  z 
O h l h  









9 9  
N 00000 






0 0 000 
0 
9 o o N  m 
I n N d  u 
I - i d O O N  
O n 0  0 
000 0 
. . .  . 
m m N m  
d O d 9  
d 0 O N  
0000 . . . .  
0000 
O N h  
h 0 u-l a m 9  
N O 0  
000 
. . .  m r-l z 




m r l  m 
a 0 4  cr) z *  
0 
o o o o q  . . . .  
. a m u m ( v  
m r l m r l m  
. . . . .  
9 h a D r l l - i  m r l  
. . . . .  
9 h a D d r t  m 4  
w n m u  m 
0 moo oo z 
Q b  9 moo aD 40 Q\ m m  00 
4cumujrr t  u u u u u  z z z z z  
2 10 
D2-121352-1 
P o -  
m N  
00 
00 
o q o o o  
























0 0  
. .  
N r n U . 9  
NCnOOU 
h l - l m m  
0000 
0000 






. .  
34 
0 3  
00 
03000 
d a h  0 - m  
040 
000 
\o \o  
C J N  
h m  
0 0  
0 0  
. . .  
. .  
m 
.j z . .  
00 
c r ) d  
00 
00 







U z . .  
00 c o  









o\ . .  
00 
. .  
00 
\ o m N  m 
m N r l  u d u o  hl 
o l - l ooo  
000 0 
. . .  
0 
ln 
m z 00000 
L n L n N r n  
U 
Pl z 00000 . . . .  
0000 
O N h  
W O W  m m 9  
N O 0  
000 
. . .  m m z 00000 




o q o o o  
mu) 
94 
h m  
00 
00 
. .  0 m N l-l z 
CJO h m  
d o  
00 






4 0  
- 4  00000 00000 00000 00000 z 
U 
0 0  
\o rl 00000 00000 00000 30000 z 
m m o  
v l 4  00000 00000 00000 00000 z 
cu a 0  
v l r l  00000 00000 00000 00000 
2 
w m o m m  
4 o a m u r l  
z .  
K O  uV14\00 00000 00000 00000 
In 4 m 0. 5 VI. 0. 
00000 
Q O h O m m  m m u o m  co a m 0 0 0  u 00000 00000 00000 00000 z . . . .  d o o o o  
VIP4cur-m 
m o u r g u  




\o T l \ o l - I m m  
z . .  
00000 





m W  mhl  m a w m u  
U 0 9 0  m m  O O r n N h  
I - u  00000 r n O O O O  r l o o o o  9 o m o -  
00000 
h r l  z O - I N O ?  . . . .  9 9  
00 
9 9  
00 
b d  
l-l r l \ o  
Q V  u ) d O O O  O C O O O  00000 00000 
9 l-i 00 z 0 .  
00 
N N  u o  w m m 4 r -  
;\I mv) b a D  O N m h m  
4 00003 r l o o o o  N O O O O  0 0 m Q l m  
00 
m u  rnriooo 00000 00000 00000 a rl 9 9  
00 
\om \Do\ C O a o r J m  
U NID N r n  o m c u m m  
4 - l  00000 N O 0 0 0  m r l o o o  O O N o O v ,  
O O O N O  - 4  z 
00 00 00000 
. . . . .  00 9 9  . .  
w h l  m m  
w P J  m 4 0 0 0  00000 00000 0 3 0 0 0  
\o rl 00 
d d  
u a  o m  a a d 4 4  
N .so urn r \ l m m 4 c n  
N h l  00000 N r l O O O  r n m o o o  o o o m r l  
0 0 0 0 0  
hl-i  00 z . .  o o o q q  . . .  ? ?  
00 00 
m m  
.-I *.-I 
m i 4  u i i . j O O 0  00000 00000 00000 
9 rl 00 




m m  m m  h a 0 r J a 0 0  
U h l m  w u  NQDrJNd 
u r n  00000 u thooo  m 4 0 0 0  C l O O O d  
00000 
h r l  z 9 9 9 9 9  9 9  
00 
? 9  
00 
O\D 
m r ( \D  
m r n  m d o o o  00000 0 0 ~ 0 0  00000 
9 d  z 9 9  
hl9 N c o  o c o u r l -  




9 3 , 9 9 9  9 9  ? ?  h d  
m m  
d r ( m  
J Q )  ~ r l 0 0 0  00000 ~ 0 0 0 0  0 3 0 0 0  
sl 9 9  
00 
Ul- ma0 a o c n o m  
U h c c )  hl\D o m a u m  
9 9  00000 m r 1 0 0 0  N O 0 0 0  o m - l o - 7  
b d  0 0  z . .  
00 00 00000 
?“.003, . .  00 . .  






d m  
m ml- 
h a  W d O O O  00000 00000 00000 
9 d 00 







h m m m m  \De r n d  u Q ) o o o  N O 0 0 0  o lnoor l  do 00 00000 
ZF! r J o o r J h l b  
. .  
00 
. .  
00 
. . . . .  
00000 
4 - 0 3  a 9  m r l o o o  00000 00000 00000 
\o 00 z . .  
00 
214 
D2-12 135 2-1 
0 4  
0 0  h l m  00000 00000 00000 00000 
2 
m 9  m u  co4u-m 
d o  m u  4 4  0 9 h l o m  
c o n  00000 00000 00000 o o o o r l  z . .  . .  . . . . .  
00 00 00000 
m '  u r n  a 0  o o o m e  
-0 O m  o \ o m o r l  
hl U N  c o d  N m m m r l  
ul- N U  o d o o m  
z . .  . . . .  
00 00 00000 
s z  00000 o p o o o  00000 o o o o q  
9- c o m  l - l f - m m c o  
rl N h  9rl 3 h l h l O h  m o  m u  uco o o o h l m  
z 
00 00 00000 
- m  00000 00000 q u o 0 0  ~ O * O O O  . .  . . .  
94 h o o o a  r l 9 o u o  h l - J 4 c o m  
rl 0 0 0  m r l c o c o 4  h lcoml - lh l  rlrlmuhl g z  ~ ~ 0 0 0  m m 4 9 0  o u 4 - 0  r l a m c o -  
N???? m o o m o  N U U U d  
00 d o 0 0 0  d d o o o  00000 . . .  . . . . .  




4 0  
\ D r l  z 
U 
0 0  
\ o r l  z 
m 
m o  m r l  z 
N 
0 0 0  
a 4  z 
4 
h O  
u l 4  z 
000 




a 0  
0 0  
0 0 O N  u q o o  
Z o 6  
ma, 
0 0 0  
r- 04 
m z  . .  
0 0  
00 
g r n  
0 rn z 
N u d m m  
rnrnr lNl-4 
o o o o r l  
00000 
o o o o q  . . . .  
\or-eu 




l n 0 0 0 0  




. . . .  
. . .  
@-IO urn 
0 4  
00 






00000 0000 . . . . .  . . . .  
00000 0000 o m o m o  0000 
erl4rll-I r l4r lr l  
4 - J m u l n  4 N m u  
00000 N N N N  
4 4 4 4 4  44rlI-I z z z z z  z z z z  
0000 . . . .  
0000 
0000 
4 4 4 4  
216 
D2-12 1352-1 
m m e  m u a m 9 u  u 0 N u  m 00 o - o m  
r - u  000 o o o o r l  040-4 O O O N  
0 0 0000 r - d  0 00 !z . .  . .  . . . .  
0 00 0 0 0000 
m h 0 u i  
QJU 000 I n O O d N  N o m 0  O O N  
9 4  o o o o r l  0 00 000 
- 
0 00 0 0 0 0  
z . . . . .  . .  . . .  
00000 0 00 0 0 0  
d m m  m m a d  
N N d 9  a0 0 o m  Q J u  000 o o o o r l  O N o m  O N  
h d  0 00 
%z . .  0 rl ? ?  . .  
d m  N 9  m 4 m l - I  4 
hrl m o o 0  a 
d m r l  o m  N o m 0  W 
z 00 3 0  0000 0 
m u  000 q q c o r l  oorco 0 
9 r l  . .  . . . .  
m 4  N Q)oOorl u N O  o o h o m  
r t N  000 O d O O O  000-4 
00 0 0000 h d  
00 0 0000 
z . . . .  . .  
a m  m u m  m m e  0 0 0 9  
N N  000 m m o o o  oohl 
Q r l  00 000 
2 . .  
00 
. . .  
000 
Q ) N  rl 9 9  
rJ m o  0 OQJ 
W N  000 00000 O N  
h d  00 0 0 0  
0 0  0 00 
2 . .  . .  
h O r l  rl r- 
rl CQQJO 0 9 m N  000 m m o o o  N 
a r l  000 0 0 z . . .  
000 0 0 
r l m m u m  4 N m u  r l N m u  
0 U d U  rlrlrlrld rlrlrln rldrlrl z z z z  z z z z z  z z z z  z z z z  
8 9 r - Q J  00000 N N N N  U U U U  
217 
D2-121352-1 
4 u 00 000 
h d  
2 
m m h l  
o r l m  
00400 
000 
9 9 9  
O b  
04o-J  
0 0  
u u  
m r. 
o h l o m  
0 0  
o r >  0 0  
m m  m m  
N o m 0  
0 0  
0 0  
m 
ul 00 0 0 0 
\ D d  z 
m o m 4 0  
0040 
m o h l o  
0 0  . . . .  
0000 0 0  
Q ) m m  
d u o  o o r l o o  
000 
000 
. . .  
0 0 0 0  
0 -  o m 0 4  
4 0  
4 ‘  U c n v r  
O m O N  
0 0  
0 0  
N 
0 0 0  0 00 
h d  z 0 0  
o r l l - l m  
h h b d  
u l O N 0 0  
0040 
0000 
. . . .  
0 0 N d N  
4090 m o m 0  
4000 
0000 
. . . .  
m 4 u  m o m  
m o m 0  
0 0 0  
0 0 0  
. . .  
d u Q) 000 
\Dd z 
4 U N  
040 
00040 o o q  . .  
Q \ r l  a m  
o w o u  
0 0  
0 0  
S N \ D  
N O 4  o h l o m  
004 
* 
\o 9 000 
h d  z . . .  000 000 
h d m d  
h O N O  N o m 0  
0040 
0000 
. . . .  
N Q\ 
\o 00 
m o o m o  
0 0 
r l a Y  
h l n  
hlolno 
0 0  
m 
b 9 000 
\Dd z 
0 0 0 0  




o o q  . .  
a m  - .  - 
o o m  O h  
O m O N  O N O N  
0 0  0 0  
rn .t 
N 
ul 9 000 
h r l  z 
0 0  0 0  
0 4  
h m  
N o m 0  
0 0  
0 0  
m hl\D 
N o a  m o o m o  m o h l o  
0 00 0 0  
rl 
a 9  000 
\ D r l  z . .  



















m om z 
cv 







o o r J  
. . . . .  





. . . .  
0000 
u m  
r J 0  
m a  
C O O d  
0 0  
0 e! 
m u  
d c4 
0000 
0 0  
0 0  
r l h  
\ D m  
l n m  
O d O O  
0 0  
. . . .  
0000 
0 0  
o m  
4 0  m m  
o o o r l  
0 0  
e 4 4  u r n  
F I N  
0000 
0 0  
9 9  
m m  
C J r l  
0000 
0 0  
m h o  00 d O O h  cvl-ir-lo 
r( d N Q 0  h m a u d  F I m m Q o  
0 0  w o o  m o o 0 0  u a q m  m \ D m \ D  
rJ*dNrl . . .  N.?".? d o 0  0 0000 0000 h e 4  NriT'. "f 
219 
D2-121352-1 
- . . . .  . . . .  
0000 0 0 0 0  
m hrl m m m  
m m m o  h o b  
VI 00 VIorJo O O N  
9 .d d 9 5  000 
d 00 000 . . .  
N r l b  h h  
r; b o w  09 
000 0 0  z 
000 0 0  
5 O r l O N  O N  . . .  . .  
o u  cv r l m m  \o 
4 . 0 0  N O C U O  cv 
9 r l  0 0 0 






O h O N  ooohl 
0000 
> o o o  
. . . .  
b \D O O N  
9 d 000 z . . .  
000 
a b  
N d b  
VI 9 O N  
h rl 00 z ' 0  
0 0  
0000 0000 0 0000 
0000 0000 0 0000 
rl4rlrl 4 d 4 4  u r l d d d  
. . . .  . . . .  . . . .  4 0000 0000 d 0000 
w d N m u  4 N - e  d d h l m u  P 9\099 000000403 0 0000 o drlr l r+ rlrlrlrl N o m m m  z z z z z  z z z z  z z z z z  
220 
D2-12135 2-1 
0 s \o N h l O  * N 0 m h d  
I-l N s oohl m % 2  d o  h l m  
m m oo*or-4 0000 0. 000 
o d  0 0 0 000 . .  . . .  
O h  hl m m N m  
N h l m  u s  0 Q3N 




RADIATION INTERCHANGE FACTOR MATRIX 
(with m u l t i l a y e r  i s s u l a t i o n )  
This appendix p r e s e n t s  t h e  r a  I i a t i o n  interchange f a c t o r s  c a l c u l a t e d  
f o r  t h e  prototype vehic le  with m u l t i l a y e r  i n s u l a t i o n .  
For those e x t e r i o r  surface nodes covered by i n s u l a t i o n ,  t h e  covering 
insu l . i t ion  node has  been designated by adding one hundred t o  the  s u r f a c e  
node designat ion.  P G . ~ c e ,  s u r f a c e  nodes 62-69 and ;1-82 a r e  covered by 
i n s u l a t i o n  nodes 162-169 and 171-182. 
As r a d i a t i v e  p r o p e r t i e s  and r e l a t i v e  geometry were preserved,  t h i s  
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INTERNATIONAL SYSTEM OF UNITS 





Dens i t y  
1 inch 




1 l b  / f t 3  m 
1 l b  / f t 3  m 
2.54 cm 
0.3048 m 
0.0174 rad ians  
0.4536 Kg 
0.555 KO 
0.0160 gm/cm 3 
16.018 Kg/m 3 
2 6894.7 n/m 1 l b f / i n  2 Pressure 
Spec i f ic  Heat 1 Btu/lbm OR 4.184 Joules/gm OK 
Thermal Conductivity 1 Btu/hr f t  O R  0.0173 Watts/cm OK 
2 0 1 Btu-in/ft  s e c  OR 518.87 Joules/m sec  K 
Power 
Energy Flux 
1 Btu/aec 1054.35 Watts 
1 Btu/hr f t  2 0.3152 Watte/m 2 
24 3 
